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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Fisheries biologists have long appreciated the importance of feeding and food habits 
to the ecology and production dynamics of fish stocks (Hjort, 1914; Winberg, 1956; Ivlev, 
1961; Gerking, 1967; Wootton, 1990). Likewise, there is recognition that the feeding 
activities of fishes often have significant impacts on their prey (Hrbacek et al., 1961; Brooks 
& Dodson, 1965; Hall et al., 1970; Northcote, 1988). More recently, the strong effects of 
predatory fishes have been shown to not only deplete their immediate prey supply, but 
actually alter the entire aquatic food web by a mechanism known as "cascading trophic 
interactions" (Carpenter et al., 1987; Carpenter & Kitchell, 1993). A key element in 
understanding the relationship between aquatic predators and prey is quantifying the rate of 
energy transfer via consumption. The first step in this process is a detailed analysis of the 
diet dynamics of the predator species. 
Several indices have been used to express the relative importance of prey taxa, 
including percentage by number (%N), by weight (%W) [or volume (%V)], by occurrence 
(%0), the index of relative importance (IRI), and a modified IRI (MIRI). Among them, %W 
(or %V) has been the most popular index to describe prey importance and its relationships 
with fish well-being and prey availability (e.g., Hubert and Sandheinrich 1983; Wahl and 
Stein 1993; Hartman and Brandt 1995; Rand and Stewart 1998; Persson and Hansson 1999), 
followed by IRI (e.g., Sammons et al. 1994; Cortes et al. 1996; Swenson and McCray 1996). 
Occasionally, %0, %N, and MIRI are used as indices of prey importance (e.g., Pitcher 1980 
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and 1981; Chapman et al. 1989; Bridcut and Giller 1995; Gaughan and Potter 1997). 
There are two major opinions in this literature. One is to use a component index such 
as %W, %N, or %0, chosen largely on the basis of specific purposes of a study or on 
researcher preferences. A second perspective supports use of compound indices such as IRI 
and MIRI, based on the idea that by combining different component measures, they present a 
more balanced view of dietary importance (Pinkas et al. 1971; Pitcher 1980 and 1981; Bigg 
and Perez 1985; Cortes 1998). Considerable disagreement exists between these perspectives 
(MacDonald and Green 1983; Bowen 1996; Cortes 1997, 1998; Hansson 1998). 
Diet dynamics of piscivores provide qualitative descriptions of interactions of 
predators with their prey and among predators, whereas consumption dynamics 1 reveal 
quantitative information on how predators and prey interact. Bioenergetics models have been 
used to assess consumption by a variety of fish species. Although this approach has 
limitations (Rowan and Rasmussen 1996; Whitledge and Hayward 1997), it is generally 
accepted that bioenergetics models are flexible, can provide relatively accurate estimates of 
consumption, and are best used to describe patterns of consumption and make comparisons 
among species (Ney 1990, 1993). Because of these advantages, bioenergetics models can be 
a powerful tool for evaluating predator-prey relationships in aquatic ecosystems (Hansen et 
al. 1993). 
Studying consumption by multiple species is particularly important in understanding 
food web dynamics and evaluating carrying capacity of aquatic ecosystems where several 
species may exploit similar food resources (Kempinger and Carline 1977; LaBar 1993; 
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Kershner et al. 1999). However, few studies were able to obtain complete data to model 
consumption by all major species in multiple years, largely due to difficulties in collecting 
the necessary data for several species. 
Spirit Lake provides a unique opportunity to study diet and consumption of multiple 
species and assess the influence of their consumption on the forage base. The six predacious 
fish species we studied are black crappie (Pomoxis nigromaculatus) largemouth bass 
(Micropterus salmoides), northern pike (Esox Indus), smallmouth bass (Micropterus 
dolomieui), walleye (Stizostedion vitreum), and yellow perch (Perca flavescens). Among 
these, largemouth bass, northern pike, smallmouth bass, and walleye are well-documented 
piscivorous species in many aquatic ecosystems (Mann 1982; Knight et al. 1984; Hartman 
and Margraf 1992; Hodgson et al. 1997). Piscivory by black crappie and yellow perch, 
although known to occur, appears to be less prominent and more flexible in response to 
availability of suitable fish prey and relative size of predators and prey (Ellison 1984; Knight 
et al. 1984; Paszkowski and Tonn 1994; Hodgson et al. 1997). Although some studies have 
focused on the diets of two or three of the above species and their effects on interspecific 
interactions (Vigg et al. 1991; Hodgson et al. 1997), few studies have examined complex 
piscivorous communities comprised of more than two or three species. Studying 
consumption by these six species in Spirit Lake may reveal interactions among them, provide 
insight into the ecology and fishery of Spirit Lake, and may be beneficial to understanding 
the food web and carrying capacity of aquatic ecosystems in general. 
The purpose of this study is to explore similarities and differences among importance 
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indices, examine variations in diet and consumption of adult piscivorous fish community in a 
natural lake, and discuss the consumption consequences of management alternatives and 
Specifically, our objectives are to (1) demonstrate the superiority of %IRI to other importance 
indices, (2) examine seasonal, annual, species-, and size-specific variation in diet of and 
consumption by the adult piscivorous fish community, (3) estimate total and piscivorous 
consumption by the adult piscivorous community, (4) discuss the potential effects of 
piscivorous diet and consumption dynamics on the forage base and the fishery of Spirit Lake, 
(5) examine impacts of population abundance and growth rates on estimates of consumption, 
and (6) suggest possible fishery management alternatives. 
Dissertation Organization 
This dissertation is composed of a general introduction, three manuscripts, and 
general conclusions; the first manuscript (Chapter 2) has been submitted to Transactions of 
the American Fisheries Society and is in press; the second manuscript (Chapter 3) will be 
submitted to the Ecology of Freshwater Fish; the third manuscript (Chapter 4) will be 
submitted to the Northern American Journal of Fisheries Management. Each manuscript 
contains an abstract, introduction, materials and methods, results, discussion and literature 
cited. Tables and figures are located at the end of each manuscript. An appendix containing 
length and weight data of the piscivorous fish community in Spirit Lake, Iowa, 1995-1997, is 
included after the last chapter. 
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CHAPTER 2. EMPIRICAL ASSESSMENT OF INDICES OF PREY IMPORTANCE 
IN THE DIETS OF PREDACIOUS FISH 
A paper published in the Transactions of the American Fisheries Society 130:583-591, 2001 
Hongsheng Liao, Clay L. Pierce, Joe G. Larscheid 
Abstract 
Determining the importance of prey taxa in the diets of predacious species is a frequent 
objective in fisheries research. Several indices of prey importance are in common use, and 
all give different results owing to their emphasis on different aspects of fish diets. We 
explored these differences by empirically comparing four well-known indices [percent weight 
(%W), percent occurrence (%0), percent number (%N), and percent index of relative 
importance (%IRI)], as well as a modified %IRI (%MIRI), using an extensive data set on the 
diets of six fish species in Spirit Lake, Iowa. Correlations among all indices were positive, 
but were weaker among component indices (%W, %0, and %N) than were correlations of 
either compound index (%IRI and %MIRI) with component indices, or between the two 
compound indices. Correlation strength of %MIRI with the three component indices varied 
greatly (%N<%0<%W), whereas the correlation strength of %IRI with component indices 
was similar. Importance values based on %W, %MIRI, and %N depend more on prey size 
than those from %IRI and %0; %W and %MIRI emphasized importance of large prey taxa, 
whereas %N emphasized small prey in diets. %IRI and %0 were similarly unbiased with 
respect to prey size, but %0 yielded substantially higher importance values than all other 
indices. Thus, for use as a general index of dietary importance, we believe %IRI provides the 
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optimal balancing of frequency of occurrence, numerical abundance, and abundance by 
weight of taxa in fish diets. 
Introduction 
Importance of prey taxa is a frequently used quantitative description of fish diet and 
its relationship with other characteristics of fish populations and communities (Bowen 1996). 
Biologists are interested in the importance of prey taxa to predator growth, consumption, 
competition, prédation, and relationships between prey importance and availability. 
Accurately quantifying importance of prey taxa and understanding the contributions of 
various prey to predator well-being is essential for effective management of fisheries 
resources (Bowen 1996). 
Several indices have been used to express the relative importance of prey taxa, 
including percentage by number (%N), by weight (%W) [or volume (%V)], by occurrence 
(%0), the index of relative importance (IRI), and a modified IRI (MIRI). Among them, %W 
(or %V) has been the most popular index to describe prey importance and its relationships 
with fish well-being and prey availability (e.g., Hubert and Sandheinrich 1983; Wahl and 
Stein 1993; Hartman and Brandt 1995; Rand and Stewart 1998; Persson and Hansson 1999), 
followed by IRI (e.g., Sammons et al. 1994; Cortes et al. 1996; Swenson and McCray 1996). 
Occasionally, %0, %N, and MIRI are used as indices of prey importance (e.g., Pitcher 1980 
and 1981; Chapman et al. 1989; Bridcut and Oilier 1995; Gaughan and Potter 1997). 
No index is without bias, and biases attributed to dietary indices have stimulated 
different opinions on their use for several decades (Hynes 1950; Berg 1979; Wallace 1981; 
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Cortes 1997; Hanssonl998). There are two major opinions in this literature. One is to use a 
component index such as %W, %N, or %0, chosen largely on the basis of specific purposes 
of a study or on researcher preferences. A second perspective supports use of compound 
indices such as IRI and MIRI, based on the idea that by combining different component 
measures, they present a more balanced view of dietary importance (Pinkas et al. 1971; 
Pitcher 1980 and 1981; Bigg and Perez 1985; Cortes 1998). Considerable disagreement 
exists between these perspectives (MacDonald and Green 1983; Bowen 1996; Cortes 1997, 
1998; Hansson 1998). 
Using an extensive database of diets of six fish species collected during three years in 
Spirit Lake, Iowa, we explored similarities and differences among the above mentioned 
importance indices. Our objectives were to (1) compare importance of prey taxa rated by 
different indices, (2) examine biases in importance ratings among indices related to 
differences in prey size, (3) assess advantages and disadvantages of dietary indices, and (4) 
recommend a preferred index for most situations. 
Materials and Methods 
Black crappie (Pomoxis nigromaculatus), largemouth bass (Micropterus salmoides), 
northern pike (Esox lucius), smallmouth bass (Micropterus dolomieui), walleye (Stizostedion 
vitreum), and yellow perch (Perca flavescens) were collected in Spirit Lake, Iowa, from early 
May to late October, 1995 to 1997. These six species are the dominant predator gameftsh in 
the lake. Seventy percent of our fish were collected using an AC, boat-mounted electro fisher, 
and the rest were collected using a variety of gears including beach seine, fyke nets, gillnets, 
and angling. Each fish was measured to the nearest 2.5 mm in total length and weighed to 
the nearest 14 g. Only fish 150 mm or larger in total length were examined for this study. 
Stomach contents were flushed out using a water pump (Baker and Fraser 1976), immediately 
put on ice in a cooler, and frozen within a few hours for later identification in the laboratory. 
All fish were released alive immediately after stomach flushing. Because of potential 
contamination from water pumped in from the lake, zooplankton in stomach samples were 
excluded from the analysis. 
Prey fish were identified to species, and invertebrates were identified to the lowest 
possible taxon (phylum, class, or order) in the laboratory. Other vertebrate prey were 
identified to class. Wet weights of prey fish and crayfish were estimated using length-weight 
equations developed in this study. Dry weights of other invertebrates were estimated using 
length-weight equations found in the literature (Smock 1980; Meyer 1989). Invertebrate wet 
weight was assumed to be 5 times dry weight (Morin and Dumont 1994). 
Each of the three sampling years was divided into three seasons: spring (May and 
June), summer (July and August), and fall (September and October). Each predator species 
was divided into small and large size groups. A small fish was smaller than 230 mm in total 
length for black crappie and yellow perch, 305 mm for largemouth bass, smallmouth bass, 
and walleye, and 560 mm for northern pike; fish of greater lengths were assigned to the large 
size group. A unit of comparison (hereafter referred to as a unit) consisted of all predators of 
a given species and size group collected during a particular season and year 
We calculated %W, %0, %N, %IRI, and %MIRI for each prey taxon in each unit as 
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follows: 
n 
%W,= 100- W/£ W, (1) 
i=1 
n 
%0,= 100«0/XO, (2) 
/=1 
n 
%N, = 100 • N/X N, (3) 
z=l 
IRI,-= %0, • (%W,+%N,) (4) 
n 
%IRI, = 100 • IRI/ ^  IRI, (see Cortes 1997) (5) 
i=l 
n 
%MIRI, = 100 • (%0, • %W,)/ ]T (%0, • %W,), (6) 
H 
where n is the total number of prey taxa found in a unit, W, and N, are the total wet weight (g) 
and number of prey i in a unit, respectively, and O, is the number of predator stomachs 
containing prey i in a unit. In this study, we focused our attention on differences among the 
indices, and how these differences affect interpretations of prey importance. 
We calculated relative size of a prey taxon (hereafter referred to as prey size ratio) as 
the logarithm of the ratio of %W to %N for each unit. For comparisons, prey taxa with prey 
size ratios greater than or equal to zero were designated as large, and those with prey size 
ratios less than zero were considered small in a particular unit. We plotted %W, %N, %0, 
%MIRI, and %IRI for all units against the size ratio of prey taxa to illustrate the influence of 
prey size on importance as reflected by these indices. We arbitrarily defined major prey taxa 
as those with importance values equal to or greater than 20%. We used Chi-square analysis 
to compare differences among the five indices in assignment of taxa to major status; these 
analyses were run separately for small and large prey as defined by the prey size ratio. 
Finally, we selected six units from our database as examples to illustrate the consequences of 
using different indices for interpretation of major prey taxon importance. 
Results 
Our sampling yielded 104 comparison units for the six predator species examined. 
The number of stomachs examined per unit varied from 1 to 109 and the number of prey taxa 
in the diets varied from 1 to 19 within a unit (Table 2.1). In total, 3115 stomachs containing 
food were examined and 787 values of each importance index were obtained. Overall 
averages for %W, %N, %IRI, and %MIRI were 13.2%. %0 averaged higher at 19.5%, and 
consequently %0 rated more prey taxa as major prey than the other four indices. Individual 
values for all five indices ranged widely, from < 1% to 100%. As expected, correlations 
among all indices were positive, although the strength of association varied considerably 
(Table 2.2). In general, correlations among the component indices (%W, %0 and %N) were 
weaker than correlations of either compound index (%IRI and %MIRI) with component 
indices, or between the two compound indices. Correlation strength of %MIRI with the three 
component indices varied greatly (%N<%0<%W), whereas the correlation strength of %IRI 
with component indices was similar (Table 2.2). 
A plot of the five importance indices versus prey size ratio of prey taxa illustrated 
how values can differ greatly among importance indices, depending on prey size (Figure 2.1). 
%W and %MIRI rated more large prey taxa as major taxa whereas %N rated more small 
prey taxa as major taxa. In contrast, %IRI and %0 values rated as major were unbiased with 
respect to prey size. Of the 787 prey importance values, 378 were categorized as large prey 
and 409 as small prey in terms of their size ratios. In the large prey group, 123, 104, 71, 113, 
and 36 prey importance values were ranked as major by %W, %MIRI, %IRI, %0, and %N, 
respectively. In contrast, 38, 46, 78, 148, and 112 prey importance values were ranked as 
major by %W, %MIRI, %IRI, %0, and %N, respectively, for the small prey group. The 
numbers of prey taxa ranked as major by the five indices were significantly different within 
each prey group (Chi-square, PO.OOOl). 
Examples drawn from individual units clearly illustrate the large differences in 
importance rating that can result from using different indices (Figure 2.2). As detailed above 
and in Figure 2.1, these differences are usually explained by prey size. For example, 
amphipods and bluegill could be ranked as either major or minor prey depending on which 
index was used to characterize importance in the diets of small black crappie in fall of 1995 
(Figure 2.2a). Being relatively large (prey size ratio = 1.86), bluegill had a very low 
importance value for %N. However, the large size of bluegill resulted in large values for 
%W and %MIRI. Importance values for amphipods showed the opposite pattern, reflecting 
their relatively small size (prey size ratio = -1.00) in the diets. %IRI and %0 indicated 
roughly equivalent importance of these two taxa, balancing abundant amphipods with the 
large but relatively few bluegill in the diets of small black crappie. The nonadditivity of %0 
is evident by the sum of all importance values totaling greater than 100 (Figure 2.2a). 
Similar patterns were seen in the diets of large walleye in spring of 1995 (Figure 
2.2b), small yellow perch in summer of 1995 (Figure 2.2c), and large smallmouth bass in 
summer of 1997 (Figure 2.2d). In large walleye, importance of prey yellow perch (prey size 
ratio =1.19) and spottail shiner (prey size ratio = 1.17) was emphasized by %W and %MIRI, 
while dipterans (prey size ratio = -2.04) and amphipods (prey size ratio = -1.36) were rated 
much higher in importance by %N. In contrast, %IRI and %0 indicated intermediate relative 
importance of the four prey taxa (Figure 2.2b). In small yellow perch, importance of yellow 
perch (prey size ratio = 0.98) was emphasized by %W and %MIRI, whereas amphipods (prey 
size ratio = -1.27) were rated substantially higher in importance by %N. %IRI and %0 
indicated similar importance of the two prey taxa (Figure 2.2c). In large smallmouth bass, 
yellow perch (prey size ratio = 1.08) and walleye (prey size ratio = 1.48) were rated more 
important by %W and %MIRI than ephemeropterans (prey size ratio = -0.91), with %N 
showing the reverse. Again, %IRI and %0 gave relatively balanced importance values for 
these three prey taxa (Figure 2.2d). In these four cases, %W and %MIRI emphasized 
importance of larger taxa while %N emphasized smaller taxa. %IRI and %0 strike a balance 
between the number and weight of prey in the diets. However, the nonadditivity of %0 can 
be a problem when comparing importance between sample groups having different numbers 
of prey taxa in the diets, given that the sum of %0 tends to increase with the number of prey 
taxa (Cortes 1997). 
There were many comparisons, however, where the five indices gave similar results. 
This typically occurred, as in the diets of large northern pike in summer of 1995 (Figure 2.2e) 
and large largemouth bass in fall of 1997 (Figure 2.2f), where importance values of the 
component indices were similar. This parity among indices is more likely when there are few 
prey taxa (Figure 2.2e), and/or the dominant prey taxa are similar in size (Figure 2.2f). 
Discussion 
By rating and comparing prey taxa in the diets of fish on an importance scale, one 
makes the tacit assumption that some taxa are more important than others to the growth, 
survival, recruitment, size structure, condition, reproductive success or other aspects of the 
ecology of predator species. Accurately characterizing the true importance of prey taxa is 
thus crucial to this process (Bowen 1996). Clearly, differences in importance ratings among 
the various indices demonstrated here and elsewhere (e.g., Cortes 1997; Hansson 1998) raise 
questions about their meaning. Either one or more of the indices are misleading or erroneous, 
or the indices emphasize different definitions of dietary importance. Which kind of prey 
taxon is more important, one consisting of tiny individuals in high numerical abundance, but 
never accounting for a large proportion of the total prey weight, or one consisting of large 
individuals in low numerical abundance, but accounting for a very high proportion of the 
total prey weight when eaten? The answer to this and the more general question of which 
importance index is the most accurate is complicated, and has never been resolved. 
Use of %W as an index of prey importance implies that the amount of prey found in 
stomachs accurately reflects consumption, which in turn relies on the assumption that prey of 
different shapes, size and composition are digested at similar rates (Bigg and Perez 1985). 
On the contrary, digestion rates are well known to be influenced by prey size, shape, energy 
content, and other factors (Cochran and Adelman 1982; dos Santos and Jobling 1988; 
Hopkins and Larson 1990; Kaiser et al. 1992; Bassompierre 1998; Andersen 1999). For 
example, residence time in the stomach is known to increase markedly with prey size (e.g., 
Chapman et al. 1989). This ho doubt increases the probability of identifying large prey taxa 
in stomach samples relative to smaller ones. Accordingly, we noticed that most of the 
unidentifiable (and thus largely digested) fish in our stomach samples were relatively small. 
Thus, in addition to the inherent emphasis of %W on large prey taxa, we believe that a 
potential sampling bias further emphasizes large prey taxa by %W. 
For example, using %W, Rand and Stewart (1998) reported that adult alewife were 
more important than juvenile alewife (young-of-year and yearlings) in the diets of 
salmonines. Hartman and Brandt (1995) found that mysids were unimportant whereas bay 
anchovies were very important in the diets of weakfish (Cynoscion regalis) using %.W. 
Using a bioenergetics model with prey importance values based on %W, Hartman and 
Margraf (1992) calculated that consumption of smaller invertebrates was far lower than 
consumption of larger prey fish by walleyes. In all these studies, the "important" prey taxa 
were the larger taxa encountered in the diets. Given the inherent emphasis on large taxa 
evident in our comparative analysis, it is reasonable to question the robustness of importance 
ratings based on %W. alone. 
Similar to %W, %MIRI also emphasizes large prey taxon importance. Although 
%MIRI was originally developed for overcoming disparity between small and large prey in 
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diets of marine mammals (Pitcher 1980; 1981), our results suggests that it responds very 
similarly to %W. This is primarily because %0 tends to increase importance values of all 
prey taxa regardless of prey size or number. 
In contrast to %W, which may be viewed as a measure of the contribution of prey 
taxa to nutrition of the average predator, %0 can be viewed as a measure of predator 
propensity toward and accessibility of prey taxa. %0 contains information on the predator 
population feeding strategy (Cortes 1997). Without this information, we are left to assume 
that all individuals in a fish population share the same food resources. Clearly, this 
assumption conflicts with the well-documented individual variation in fish diets (Bridcut and 
Giller 1995; Schindler et al. 1997; Fry et al. 1999). For example, Hubert and Sandheinrich 
(1983) found that decapods made up 38% of the dry weight of stomach contents from yellow 
perch at one sampling location in West Lake Okoboji, Iowa, although they were found in 
only 2 of the 38 stomachs examined. Elrod and O'Gorman (1991) and Hartman (1998) both 
noted that, despite contributing less in terms of %W, invertebrate prey occurred in larger 
percentages in the diets of predator fish than did fish prey. Balancing the different criteria for 
importance represented by these two measures has been elusive. Indeed, a majority of studies 
to date avoided the issue entirely, simply choosing one of the component indices (usually 
%W) without justification or rationale for their choice. 
Our study indicated that, in contrast to %W, %N was found to overemphasize small 
prey taxa in diets. Among 148 prey taxa rated as major by %N, 112 had prey size ratios less 
than zero. Because %N has seldom been used as an importance index in previous studies, we 
were unable to make comparisons with our study. 
We believe that a compound index of prey importance should contain a balance of 
information on the contribution of prey taxa to nutrition of the predator population as a 
whole, along with the likelihood of taxa occurring in the diets of individual predators. Our 
results indicate that %IRI fulfills these requirements. IRI was originally developed by Pinkas 
et al. (1971) to overcome the limitations of component indices. Accordingly, we define %IRI 
as the contribution of prey taxa to nutrition of the predator population as a whole, mediated 
by the abundance of and likelihood that individual predators will encounter and eat these 
prey. We believe that for many studies wishing to convey a general notion of the importance 
of various prey taxa, this is the optimal mix of importance characteristics. The balanced 
importance ratings and minimal size bias seen in our comparisons of %IRI with other indices 
support this conclusion. 
Compound diet indices have been criticized on several grounds, including redundancy 
of the components in a compound index (Macdonald and Green 1983), nonadditivity of the 
%0 component (Hansson 1998), and loss of information (Berg 1979; Bowen 1996). While 
we acknowledge the validity of these criticisms, we assert that although %IRI cannot avoid 
all of these problems, it does preserve the original goal of compound indices in providing a 
balanced, general picture of the importance of prey taxa in the diets of predators. We further 
acknowledge that there may be situations, such as similar size among dominant prey taxa, 
where use of a component index may be preferable to %IRI. We believe that definitive 
answers regarding the strengths and weaknesses of these indices await more comprehensive 
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studies, particularly ones that test the relationship of indices with growth, survival, and other 
important aspects of the ecology of fish predators. 
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Table 2.1 Number of prey taxa found in stomachs of small and large predators collected 
during spring, summer, and fall 1995-1997 in Spirit Lake, Iowa, and number of stomachs 
containing food examined in each unit of comparison (i.e., species and size-group). Blanks 
indicate no data. 
Spring Summer Fail 
Predator Size # Prey # # Prey # # Prey # 
Taxa Stomachs Taxa Stomachs Taxa Stoma 
1995 
Black crappie Small 
- - - -
7 21 
Large 
- -
2 2 3 4 
Largemouth bass Small 2 2 4 14 4 11 
Large 19 70 7 34 2 7 
Northern pike Small 8 16 4 17 4 8 
Large 5 27 3 15 4 16 
Smallmouth bass Small 16 73 8 48 6 19 
Large 13 87 4 59 6 25 
Walleye Small 7 22 4 87 4 28 
Large 12 61 7 62 6 75 
Yellow perch Small 7 6 6 15 2 3 
Large 8 55 8 58 
1996 
3 7 
Black crappie Small 8 38 17 14 11 16 
Large 7 8 7 3 11 17 
Largemouth bass Small 15 82 15 83 3 5 
Large 14 70 9 62 8 18 
Northern pike Small 6 14 3 7 1 2 
Large 7 40 3 14 5 14 
Smallmouth bass Small 14 63 13 86 6 12 
Large 11 50 10 26 8 14 
Walleye Small 9 5 11 54 12 61 
Large 6 93 9 45 8 48 
Yellow perch Small 12 26 13 92 11 37 
Large 10 12 9 23 7 8 
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(Table 2.1 continued) 
Spring Summer Fall 
Predator Size # Prey # # Prey # # Prey # 
Taxa Stomachs Taxa Stomachs Taxa Stomachs 
1997 
Black crappie Small 4 4 II 13 4 2 
Large 7 15 8 16 1 1 
Largemouth bass Small 10 2 12 11 3 4 
Large 13 61 11 35 9 56 
Northern pike Small 1 1 1 1 - -
Large 3 6 3 4 2 3 
Smallmouth bass Small 13 52 12 47 4 6 
Large 13 25 8 20 7 II 
Walleye Small II 74 11 109 9 42 
Large 6 12 9 II 9 33 
Yellow perch Small 8 48 8 48 7 11 
Large 6 6 6 5 2 4 
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Table 2.2. Pearson correlation coefficients among five indices of dietary importance. 
Importance indices were calculated for individual taxa in the diets of black crappie, 
largemouth bass, northern pike, smallmouth bass, walleye, and yellow perch in Spirit Lake, 
Iowa. Sample size for all correlations is 787; all correlations are significant at P < 0.0001. 
%o %N %IRI %IRI 
%w 0.64 0.46 0.93 0.76 
%0 0.73 0.76 0.86 
%N 0.57 0.83 
%IRI 0.90 
Figure 2.1. Relationships of importance value for percent by weight (%W), percent modified 
index of relative importance (%MIRI), percent index of relative importance (%IRI), percent 
occurrence (%O), and percent by number (%N) to prey size ratio (logio[%W/%N]). Points to 
the left of the vertical line are small prey taxa; and points to the right of or on the vertical line 
are large taxa. Points above or on the horizontal line indicate major prey taxa; points below 
are minor taxa. 
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Figure 2.2. Examples of differences in importance of prey by taxa, as indicated by five 
importance indices for: (a), small black crappie in fall of 1995 ("others" include Coleoptera, 
Ephemeroptera, Diptera, Hemiptera, and Hymenoptera); (b), large walleye in spring of 1995 
("others" include black crappie, Iowa darter, Johnny darter, logperch, Ephemeroptera, 
Gastropoda, Hirudinea, Nematoda, Odonata, and Trichoptera); (c), small yellow perch in 
summer of 1995 ("others" include logperch, Diptera, Gastropoda, and Hemiptera); (d), large 
smallmouth bass in summer of 1997 ("others" include black crappie, freshwater drum, 
largemouth bass, logperch, and decapods); (e), large northern pike in summer of 1996; (f), 
large largemouth bass in fall of 1997 ("others" include black crappie, bluegill, common carp, 
Iowa darter, Amphipoda, and Hirudinea). 
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CHAPTER 3. DIET DYNAMICS OF THE PISCIVOROUS FISH COMMUNITY 
IN SPIRIT LAKE, IOWA, 1995-1997 
A paper to be submitted to the Ecology of Freshwater Fish 
Hongsheng Liao, Clay L. Pierce, Joe G. Larscheid 
Abstract 
Diets of six important piscivorous fish species, black crappie, largemouth bass, northern pike, 
smallmouth bass, walleye, and yellow perch were quantified in Spirit Lake, Iowa, from 1995 
to 1997. Sampling was conducted from May to October. Importance of prey taxa was 
expressed using the index of relative importance (%IRI), and diet variation among years, 
seasons, species and size classes was analyzed. Diet overlaps among the six species and 
between size classes within species were also examined. Forty-one prey taxa were found in 
the diets of these species. The most important prey taxa overall were yellow perch, 
amphipods, and dipterans. Diets of northern pike and walleye were dominated by yellow 
perch. Largemouth bass diets included large percentages of both yellow perch and black 
bullhead. Smallmouth bass diets included large percentage of both yellow perch and 
crayfish. Black crappie and yellow perch diets were dominated by invertebrates such as 
amphipods and dipterans. Diet overlaps among species and between size classes within 
species varied with years and seasons. Although several consistent species and seasonal 
differences were found, there was also considerable variability and overlap in diets. Some of 
the patterns we documented are in accordance with previous studies, but some deviated 
significantly from expectations. 
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Introduction 
Fisheries biologists have long appreciated the importance of feeding and food habits 
to the ecology and production dynamics of fish stocks (Hjort, 1914; Winberg, 1956; Ivlev, 
1961; Gerking, 1967; Wootton, 1990). Likewise, there is recognition that the feeding 
activities of fishes often have significant impacts on their prey (Hrbacek et al., 1961; Brooks 
& Dodson, 1965; Hall et al1970; Northcote, 1988). More recently, the strong effects of 
predatory fishes have been shown to not only deplete their immediate prey supply, but 
actually alter the entire aquatic food web by a mechanism known as "cascading trophic 
interactions" (Carpenter et al., 1987; Carpenter & Kitchell, 1993). A key element in 
understanding the relationship between aquatic predators and prey is quantifying the rate of 
energy transfer via consumption. The first step in this process is a detailed analysis of the 
diet dynamics of the predator species. 
Largemouth bass Micropterus salmoides (Lacepède), northern pike Es ox lucius 
(Linnaeus), smallmouth bass Micropterus dolomieui (Lacepède), and walleye Stizostedion 
vitreum (Mitchill) are well-documented piscivorous species in many aquatic ecosystems 
(Mann, 1982; Knight et al., 1984; Hartman & Margraf, 1992; Hodgson et al., 1997). 
Piscivory by black crappie Pomoxis nigromaculatus (Lesueur) and yellow perch Perca 
flavescens (Mitchill), although known to occur, appears to be less prominent and more 
flexible in response to availability of suitable fish prey and relative size of predators and prey 
(Ellison, 1984; Knight et al., 1984; Paszkowski & Tonn, 1994; Hodgson et al., 1997). 
Although some studies have- focused on the diets of two or three of the above species and 
their effects on interspecific interactions (Vigg et al., 1991; Hodgson et al., 1997), few 
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studies have examined complex piscivorous communities comprised of more than two or 
three species. We are not aware of any that examine these six species simultaneously in a 
common system. 
Spirit Lake, Iowa provides an ideal setting for such a study of a diverse piscivorous 
community. Relatively high abundance of these six species facilitates collection of adequate 
samples to quantify their diets and explore their diet similarities in a common environment so 
their temporal dynamics can be compared. These species support important recreational 
fisheries, especially walleye, and thus these insights should be of special interest to managers. 
The specific objectives of this study were to (1) characterize the diets of important members 
of the piscivorous community, (2) explore seasonal, annual, and size-related diet similarities 
within and among piscivorous species, and (3) illustrate seasonal diet variation and overlap 
among species and between size classes within species in Spirit Lake. 
Study area 
Spirit Lake (43° 28' N, 95° 06' W) is Iowa's largest natural lake, with a surface area of 2,229 
ha, a maximum depth of 7 m, and water quality classified as eutrophic (Bachman et al., 
1995). Ice cover typically occurs from early December to early April, and summer water 
temperature peak in July or August around 25°C with no thermal stratification. The littoral 
zone, which contains variable mixtures of sand, cobble, and macrophytes, occupies roughly 
14% of the lake's surface area. The offshore zone substrate is composed of bare sand and 
muck. 
Materials and methods 
Data Collection 
Black crappie, largemouth bass, northern pike, smallmouth bass, walleye, and yellow 
perch were collected in Spirit Lake from early May to late October, 1995 to 1997. These six 
species are the dominant piscivorous gamefish in the lake. About seventy percent of our fish 
were collected using an AC, boat-mounted electro fisher, and the rest were collected using a 
variety of gears including beach seine, fyke nets, gillnets, and angling. We conducted 
electrofishing and beach seining after sunset, angling during the day-time, and fyke netting 
and gillnetting both during day-time and at night. Each fish was measured to the nearest 2.5 
mm in total length and weighed to the nearest 14 g. Fish 150 mm or larger in total length 
were examined for this study. Stomach contents were flushed out using a water pump (Baker 
& Fraser, 1976), immediately bagged, labeled, and put on ice in a cooler, and frozen within a 
few hours for later identification in the laboratory. All fish were released alive immediately 
after stomach flushing. Because of potential contamination from water pumped in from the 
lake, zooplankton in stomach samples were excluded from the analysis. 
Prey fish were identified to species, and invertebrates were identified either to 
phylum, class, or order in the laboratory. Other vertebrate prey were identified to class. Wet 
weights of prey fish and crayfish were estimated using length-weight equations developed in 
this study. Prey length was measured to the nearest 1 mm and wet weight was measured to 
the nearest 0.1 g. Other invertebrates found in stomachs were counted. If more than 10 
individuals of an invertebrate taxon were found in a stomach, a subsample of 10 randomly 
selected specimens were measured. Dry weights of other invertebrates were estimated using 
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length-weight equations found in the literature (Smock, 1980; Meyer, 1989), and wet weight 
was assumed to be 5 times dry weight (Morin & Dumont, 1994). 
Data Analysis 
Data were grouped according to piscivorous species, year, season, and size. Each of 
the three sampling years was divided into three seasons: spring (May and June), summer 
(July and August), and fall (September and October) to account for potential seasonal shifts 
in diets. In 1995, some northern pike stomach contents were collected in late April and were 
assigned to the spring season. We divided each piscivorous species into two size classes. 
Threshold lengths for assigning fish to small or large size classes were chosen to roughly 
equally divide the length range of each species in Spirit Lake. Threshold lengths were 203 
mm for black crappie and yellow perch, 305 mm for largemouth bass, smallmouth bass and 
walleye, and 560 mm for northern pike. In total, six piscivorous species x 3 years x 3 
seasons x 2 sizes led to 108 possible categories, hereafter referred to as comparison units. 
We used the index of relative importance, expressed as percentages (%IRI) to 
describe prey importance for all possible comparison units (Cortes, 1997). The index of 
relative importance (IRI) is a compound index and composed of the percent frequency (%0), 
percentage weight (%W), and percentage number (%N) (Pinkas et ah, 1971). As indicated in 
Chapter 2, %IRI provides the optimal balancing of frequency of occurrence, numerical 
abundance, and abundance by weight of taxa in fish diets. 
We calculated %W, %0, %N, IRI, and %IRI for each prey taxon in each comparison 
unit as follows: 
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n 
%W,-= ioo*w/£ W, 
/=1 
(1) 
n 
%0,-= 100*0/X O, 
z=l 
(2) 
n 
%N, = W0*N/£ N, 
f=l 
(3) 
« 
IRI,= 100*%0,*(%W,+%N,)/^ %0,*(%W,+%N,) 
z=l 
(4) 
« 
%IRI, = 100*IRI/£ IRI, 
H 
(5) 
where « is the total number of prey taxa found in a comparison unit. W, and N, is the total 
wet weight (g) and number of prey i in a comparison unit. O, is the number of predator 
stomachs containing prey / in a comparison unit. IRI, is the value of IRI for prey i in a 
comparison unit. 
We used Schoener's index (Schoener, 1970) to calculate seasonal diet overlaps among 
all possible species pairs, pooled over size classes, and among size classes within species. 
Schoener's index was expressed as: 
where pxi is %IRI of prey taxon / in the diet of species x (or size x of a species) and pvl is %IRI 
of prey taxon i in the diet of species y (or size y of a species), n is the total number of prey 
taxa found in the diets of two species (or two sizes) in a sampling season. Values of a range 
(6) 
from 0 (no overlap) to 1 (complete overlap). 
Because diets of predators typically include several prey taxa, we used a multivariate 
approach to explore diet similarities among and within the six piscivorous species. The units 
of comparison in these analyses were the "average" diets of each combination of piscivore 
species, size class, year and season; we used mean %IRI of each prey taxon in the diet of 
each comparison unit as input data. %IRI values were transformed as (log10[x+l]) prior to 
analysis. First, we calculated pair-wise similarities between comparison units using the Bray-
Curtis similarity coefficient (Clarke & Warwick, 1994). The resulting similarity matrix was 
then used as input for a non-metric multi-dimensional scaling (MDS) ordination. Finally, we 
calculated Pearson correlations of MDS dimension scores with the transformed %IRI data for 
each prey taxon to assist interpretation of the ordination. Prey taxa with correlations 
explaining at least 50% of the variation with dimension scores and significant at the 5% level 
(r>0.7, P<0.05) were considered of major importance in defining dimensions and are shown 
on ordination axes. It is important to understand that the taxa shown on axes are not 
necessarily the most important taxa in the diets, but are the most important in defining 
differences in diets among the units being compared. Similarity calculations and the MDS 
ordination were performed using PRIMER (Carr, 1997; Clarke & Warwick, 1994), and 
correlations were run using the CORR procedure of SAS (SAS Institute Inc., 1988). See 
Clarke & Warwick (1994) for a detailed discussion of this approach and procedures. 
We tested for differences in diets among piscivore species and size classes using a 
multivariate analysis of similarities (ANOSIM), which is roughly analogous to a univariate 2-
way ANOVA, but uses a non-parametric, randomization approach (Clarke & Warwick, 
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1994). ANOSIM uses a similarity matrix as input, in this case Bray-Curtis similarities 
among all comparison units, and is based on random permutations of similarities among and 
within main effect groupings. The species main effect had six levels, and ANOSIM 
calculated pairvvise tests among species in addition to the overall test of differences across all 
species. The ANOSIM was performed using PRIMER (Carr, 1997; Clarke & Warwick, 
1994). See Clarke & Warwick (1994) for a detailed discussion of this approach to testing for 
differences in multivariate responses. 
Results 
Diet Composition 
After examining the contents of 3,101 stomachs from six species over three years, we 
found 41 recognizable prey taxa in the diets of the piscivorous community in Spirit Lake 
(Table 3.1). Values of %IRI ranged from less than 0.1% to 100% in this study. To focus 
attention on more important prey taxa, we arbitrarily designated major prey as those with 
%IRI greater than or equal to 20% in at least one comparison unit over the course of the 
study. Overall, 14 prey taxa were rated as major (Table 3.1). The three most important prey 
taxa were yellow perch, amphipods, and dipterans in terms of both incidence of %IRI >= 
20% and mean %IRI (Table 3.1). The three most important prey fish species were yellow 
perch, black bullhead Ameiurus melas (Rafinesque), and walleye (Table 3.1). 
To illustrate general diet differences among the six species over the course of the 
study, we calculated average %IRI for the 14 major prey taxa (Table 3.2). There was a 
gradient among the six species in overall relative importance of fish and invertebrates in the 
diets, ranging from northern pike, which ate fish exclusively, to black crappie, whose diet 
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was dominated by invertebrate prey. Walleye and largemouth bass diets had large 
percentages of fish, smallmouth bass diets were split between similar percentages of 
invertebrates and fish, and yellow perch diets resembled black crappie in being dominated by 
invertebrates (Table 3.2). 
Northern pike diets were dominated by yellow perch, averaging nearly 72% in 
importance over the course of the study (Table 3.2). Some differences between large and 
small northern pike diet seem apparent. Small northern pike tended to concentrate more 
consistently on yellow perch (Figure 3.1). However, in addition to feeding on yellow perch, 
large northern pike tended to feed on other fish species such as walleye, freshwater drum 
Aplodinotus grunniens (Rafinesque), and bluegill Lepomis macrochirus (Rafinesque) (Figure 
3.2). No invertebrates were rated as major prey taxa in the diet of northern pike (Table 3.2). 
Largemouth bass diets were dominated by yellow perch and black bullhead, 
averaging about 37% and 40% in importance over the course of the study, respectively (Table 
3.2). Yellow perch was the most importance taxon overall in the diets of small largemouth 
bass, but other taxa such as black bullhead, walleye, black crappie, Iowa darter Etheostoma 
exile (Girard) and odonates were occasionally important (Figure 3.1). Large largemouth bass 
diets were more uniform than small ones, mainly consisting of yellow perch and black 
bullhead (Figure 3.2). Importance of yellow perch and black bullhead in the diet of large 
largemouth bass showed a gradual shift from dominance of yellow perch in 1995 to 
dominance of black bullhead in 1997 (Figure 3.2). 
Walleye diets were also dominated by yellow perch, which averaged nearly 60% in 
importance over the course of the study (Table 3.2). With few exceptions, large walleye 
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concentrated on yellow perch regardless of season (Figure 3.2). While still feeding primarily 
on yellow perch, small walleye included larger percentages of invertebrates such as dipterans, 
ephemeropterans, and trichopterans (Figure 3.1). Importance of yellow perch tended to 
increase from spring to fall in small walleye diets, with invertebrate prey such as dipterans 
and amphipods showing the opposite trend. There was a decline in the importance of yellow 
perch in the diet of small walleye from 1995 to 1997. 
Smallmouth bass diets were dominated by yellow perch and crayfish, averaging 
roughly 37% and 24% in importance over the course of the study, respectively (Table 3.2). 
There was a tendency for crayfish to be more important in the diets of both small and large 
smallmouth bass in spring and summer, and yellow perch and other fish species to be more 
important in fall, although there were exceptions to this pattern (Figure 3.1, 3.2). Small 
smallmouth bass diets included more small invertebrate taxa (Figure 3.1) whereas large 
smallmouth bass ate more crayfish and walleye throughout the study (Figure 3.2). 
Yellow perch and black crappie were the least piscivorous among the six species. 
Yellow perch diets were dominated by amphipods, dipterans, decapods, and gastropods, 
averaging roughly 50%, 13%, 11%, and 8% in importance over the course of the study, 
respectively (Table 3.2). Amphipods were more important in spring and summer than in fall 
(Figure 3.1, 3.2). Bluegill, yellow perch, and johnny darter Etheostoma nigrum (Rafinesque) 
were occasionally important in the diets of both small and large yellow perch, however, no 
fish species were important in yellow perch diets in 1997 (Figure 3.1, 3.2). 
Black crappie diets were dominated by amphipods, dipterans, and ephemeropterans, 
averaging roughly 50%, 19% and 17% in importance over the course of the study, 
respectively (Table 3.2). Small and larger black crappie appeared to show a decline in 
importance of fish in their diets after 1995; bluegill were prominent in small black crappie 
diets in fall of 1995 (Figure 3.1), while in large black crappie diets yellow perch were present 
in summer and dominant in fall of 1995 (Figure 3.2). 
Diet Overlap 
Diet overlaps varied with years, seasons, species, and size classes within species. 
Most of the relatively large interspecific diet overlaps occurred among northern pike, 
largemouth bass, smallmouth bass, and walleye, and between black crappie and yellow perch, 
although there were numerous exceptions to this pattern (Table 3.3). For example, diet 
overlaps among northern pike, largemoutli bass, smallmouth bass and walleye were seldom 
high in spring. Largemouth bass diets overlapped strongly with the other three species in 
summer of 1995, but diverged markedly thereafter. Black crappie and yellow perch diets 
overlapped little in 1995, but showed similar patterns in 1996 and 1997, overlapping strongly 
in spring, weakly in summer, and moderately in fall (Table 3.3). 
Three trends were evident in the intraspecific diet overlaps over the course of the 
study (Table 3.4). Diet overlaps within largemouth bass and walleye tended to decrease 
whereas those within black crappie and yellow perch tended to increase from 1995 to 1997. 
In contrast, diet overlaps within northern pike and smallmouth bass increased from 1995 to 
1996 and then decreased from 1996 to 1937. 
In general, interspecific diet overlaps tended to be lower than intraspecific overlaps, 
suggesting that diets of size classes within species tended to be more similar than with other 
species (Table 3.3, 3.4). The grand mean of interspecific overlaps in Table 3.3 was 0.27, 
compared with the grand mean of 0.54 for intraspecific overlaps in Table 3.4. 
Diet Similarities 
MDS ordination of the Bray-Curtis similarity matrix for all comparison units 
provided a graphical representation of the similarities in the composition and relative 
importance of prey taxa in the diets of piscivores over the course of the study (Figure 3.3). 
Figure 3.3 presents a single ordination, but the comparison units are plotted in three separate 
panels by year to better display patterns. The stress value of the ordination was 0.18, which 
indicates a reasonably good representation of the diet similarities among units in three-
dimensional space (Clarke & Warwick, 1994). 
Walleye and northern pike diets tended to group together in the ordination, typically 
occurring at low values of Dimension 1, intermediate values of Dimension 2, and 
intermediate to high values of Dimension 3 (Figure 3.3). Diets of both small and large 
walleye and northern pike tended to occur together in the ordination space. This separation 
from the other species was largely due to the predominance of yellow perch and lack of 
amphipods in the diets. Largemouth bass diets tended to occur at intermediate values of 
Dimension 1, low values of Dimension 2, and intermediate values of Dimension 3. The 
separation of largemouth bass from the other species, most evident along Dimension 2, was 
primarily due to the greater importance of black bullhead in largemouth bass diets than any 
other species. Smallmouth bass diets were more scattered throughout the ordination space 
than other species, occurring throughout the range of Dimension 1 values, at mostly 
intermediate values of Dimension 2, and at intermediate to high values of Dimension 3. The 
wide variation of smallmouth bass diets along Dimension 3 was primarily due to the large 
variation in importance of yellow perch in different sampling periods. Yellow perch and 
black crappie diets tended to group together, although there were several exceptions to this 
pattern. Yellow perch and black crappie diets were usually found at intermediate to high 
values of Dimension 1, intermediate values of Dimension 2, and intermediate to low values 
of Dimension 3. This separation from the other species was primarily due to the importance 
of amphipods and scarcity of yellow perch in the diets. 
These patterns in the diet similarities within the piscivore community were supported 
by our ANOSIM results. The overall test of differences across all piscivore species was 
significant at the 0.0% level, and pairwise tests indicated significantly different diets between 
all species pairs except walleye-northern pike and yellow perch-black crappie. The overall 
test of diet differences between size classes was not significant (Global R=0.083%). 
Although patterns of species differences are evident in Figure 3.3, there is also ample 
evidence of within-species variability and among-species overlap in diets. Numerous 
examples can be found in Figure 3.3 where diets from different species were more similar 
than those of the same species from a different size class, season or year. For example, the 
diet of small walleye during one season (spring) in 1997 was separated considerably from 
other walleye diets. This reflected a dramatic difference from diets of both small and large 
walleye in all other sampling periods (Figure 3.1, 3.2), and a greater similarity to diets of 
yellow perch and black crappie. 
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Length of Prey Fish Species 
Mean lengths of prey species in the diets of the six piscivorous species ranged from 
10 to 290 mm, averaging 73 mm over the course of the study (Figure 3.5). In general, mean 
total lengths of prey fish species typically were 20-30% of the mean lengths of their 
predators, and very few were greater than 40%. Within predator species, mean prey fish 
lengths were generally greater in the large size class, although the relative lengths were often 
less. Larger predator species such as northern pike tended to eat larger prey fish than smaller 
species such as black crappie and yellow perch. No consistent differences in size among prey 
species were evident. 
Discussion 
Our study is the first to document the diet dynamics of six co-occurring species, 
experiencing the same changes in food resources, over multiple years. As such, it provides 
unique insight into similarities and differences in how these species respond to changes in 
their food resources. Our results generally indicated that diets varied considerably among 
species, and less so between size classes within species. In general, largemouth bass, 
northern pike, and walleye concentrated more on fish prey whereas black crappie and yellow 
perch concentrated more on invertebrate prey. Smallmouth bass diets were somewhat 
intermediate, typically containing significant percentages of both fish and invertebrates. 
Keast (1985) reported a diet pattern among largemouth bass, northern pike, black crappie, 
and yellow perch that was similar to our findings. 
Our study distinguished northern pike and walleye from other piscivores in Spirit 
Lake due to their heavy usage of yellow perch. Northern pike in Spirit Lake ate yellow perch 
almost exclusively. In other systems, northern pike consumed mainly yellow perch 
(Chapman et al., 1989) but also other fish species, such as walleye (Sammons et al., 1994), 
gizzard shad Dorosoma cepedianum (Lesueur) (Wahl & Stein, 1993), common carp Cyprinus 
carpio (Linnaeus), and crappies (Sammons et al., 1994). The diet of walleye is perhaps the 
most well documented of any North American freshwater fish. The identification of yellow 
perch as the most important prey fish for walleye in our study is consistent with results of 
many previous studies (Kelso, 1973; Nelson & Walburg, 1977; F*orney, 1977; Nielsen, 1980; 
Lyons & Magnuson, 1987; Ritchie & Colby, 1988). 
In Spirit Lake, black crappie and yellow perch exhibited generally low levels of 
piscivory, which is consistent with previous studies. Our results indicated similarity between 
these two species because they concentrated more on amphipods "than any other species. 
However, considerable variation in black crappie diets is evident from other studies. Keast 
(1985) reported that black crappie became piscivorous at much la_ter ages than largemouth 
bass and northern pike. In contrast, in southern lakes and reserve-irs black crappie may prey 
significantly on gizzard shad (Reid, 1949) and threadfin shad Dorosoma petenense (Gunther) 
(Maceina et al., 1991; Mclnerny & Began, 1991), and at earlier ages. Yellow perch often 
consume more invertebrates than fish (Hubert & Sandheinrich, 1983; Parrish & Margraf, 
1994). Moreover, their piscivory appears to be influenced more by relative invertebrate 
availability than by prey fish availability (Knight et al., 1984; Hamson & Leggett, 1986; 
Hayward & Margraf, 1987; Hayes et al., 1992), suggesting that yeellow perch may be more 
opportunistic than other piscivores. Although our results on yellow perch diets are in broad 
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agreement with results of previous studies, they are perhaps unique in ranking crayfish as the 
third most important prey taxon overall. 
Although piscivory by largemouth bass has been well studied, the predominant prey 
fish species in their diets vary considerably among systems. For example, the major prey in 
the diet of largemouth bass has been variously reported to be bluegill (Cochran & Adelman, 
1982), gizzard shad ( Storck, 1986), inland silverside Menidia beryllinci (Cope) (Matthews et 
al, 1992), walleye (Santucci & Wahl, 1993), and yellow perch (Clady, 1974; Guy & Willis, 
1991). Our study adds another prey species, black bullhead, to this list, which also 
distinguished largemouth bass from other species in Spirit Lake. 
We found that smallmouth bass diets included a high percentage of crayfish as well as 
fish, resulting in overall dietary percentage being split fairly equally between invertebrates 
and fish. Previous studies reported similar results on the diets of smallmouth bass (Clady, 
1974; Johnson & Hale, 1977; Scott & Angermeier, 1998). Invertebrates in smallmouth bass 
diets were largely composed of crayfish, distinguishing smallmouth bass from the other five 
species. Our study revealed that largemouth bass, northern pike, smallmouth bass, and 
walleye had higher diet overlaps with each other than with black crappie and yellow perch. 
Similarly, black crappie and yellow perch had higher diet overlaps with each other than with 
the other four species. Keast (1977) suggested that higher diet overlaps could result from the 
attraction of predators to favored prey when the prey populations were abundant. This 
pattern appeared to be more obvious in the diets of walleye, yellow perch, black crappie, and 
smallmouth bass. Overlap between piscivore size classes was positively correlated with 
importance of yellow perch in the diets of walleye (r = 0.77), and smallmouth bass (r = 0.62), 
and with amphipods in the diets of yellow perch (r = 0.75), and black crappie (r = 0.68). 
These species specialized more on one prey taxon than other piscivores, regardless of size. In 
contrast, these correlations were not significant in the diets of northern pike and largemouth 
bass, suggesting that feeding habits of these species were more flexible. 
Our results revealed that diets included larger prey fish and a greater percentage of 
prey fish as the piscivores grew (Figure 3.1, 3.2, 3.4, 3.5), which is consistent with previous 
studies (Reid, 1949; Keast, 1977; Knight et al., 1984; Storck, 1986; Sammons et al., 1994; 
Scott & Angermeier, 1998). Seasonal variation in the diets was also evident in this study. 
For example, invertebrates and small prey fish were more important in small piscivores' diets 
early in the year, whereas relatively large prey fish were more important in large piscivores' 
diets later in the year over the course of the study (Figure 3.1, 3.2). Annual variation in the 
diets of the piscivorous community was also apparent in our study. For example, small 
largemouth bass shifted to preying on other prey taxa from preying on yellow perch (Figure 
3.1), while large largemouth bass shifted almost exclusively to black bullhead from 1995 to 
1997 (Figure 3.2). Small walleye consumed more invertebrates in 1997 than in previous 
years (Figure 3.1). Large black crappie and small yellow perch consumed almost no fish at 
all in 1997, although they ate some fish, including yellow perch, in 1995 and 1996 (Figure 
3.1, 3.2). Large smallmouth bass consumed more large prey fish such as walleye in 1997 
than in previous years (Figure 3.1, 3.2). Yellow perch importance appeared to decrease from 
1995 to 1997 although they were still very important to large walleye in 1997 (Figure 3.2). It 
is interesting that these annual trends among species and size classes were quite different, 
despite occurring simultaneously in a common environment. Clearly, these piscivores 
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responded differently to changing prey resources over time. 
Although our results for individual species were generally in qualitative agreement 
with previous studies, we found that temporal diet changes in the two size classes of the six 
species we examined were complex and often asynchronous. This serves as a reminder of the 
potential disconnection between apparent prey availability, as measured by sampling, and 
realized availability to predators as measured by importance in their diets. Had this 
relationship been simple and direct, we would have expected to observe much greater among-
species diet similarity, since they experienced the same food resource availability. 
Piscivorous species exhibit different foraging behaviors, habitat use, trophic morphology, 
relative predator-prey body size and other factors that can result in strikingly different diets 
obtained from a common suite of available food resources. These differences underscore the 
potentially complex impact that the collective consumption of a diverse piscivorous 
community, such as the one in Spirit Lake, can exert on available food resources. 
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Table 3.1. Prey taxa found in the diets of the piscivorous community in Spirit Lake, Iowa, 
1995 - 1997. Major prey taxa, indicated by an asterisk following the common names, were 
those with %IRI of greater than or equal to 20% in at least one comparison unit. Average 
%IRI for a prey taxon was calculated as the sum of all the %IRI of the prey taxon divided by 
the number of all possible comparison units (104). 
Percent of 
Comparison units 
Taxon Common name with %IRI >= 20% Mean %IRI 
Fish 
Ictiobus cyprinellus Bigmouth buffalo 0 <0.1 
Ictalurus melas Black bullhead* 9.6 7.8 
Pomoxis nigromaculatus Black crappie 0 0.6 
Lepomis macrochirus Bluegill* 1.9 1.6 
Pimephales notatus Bluntnose minnow 0 <0.1 
Cyprinus carpio Common carp 0 <0.1 
Notropis atherinoides Emerald shiner 0 <0.1 
Aplodinotus grunniens Freshwater drum* 1 0.8 
Notemigonus crysoleucas Golden shiner 0 <0.1 
Lepomis cyanellus Green sunfish 0 <0.1 
Etheostoma exile Iowa darter 0 0.2 
Etheostoma nigrum Johnny darter* 1 0.6 
Micropterus salmoides Largemouth bass 0 0.5 
Percina caprodes Northern logperch 0 1.6 
Micropterus dolomieui Smallmouth bass 0 0.1 
Notropis hudsonius Spottail shiner 0 0.2 
Stizostedion vitreum Walleye* 5.8 4.7 
Morone chrysops White bass 0 <0.1 
Perca flavescens Yellow perch* 51 36.5 
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Table 3.1 (continued) 
Percent of 
Comparison units 
Taxon Common name with %IRI >= 20% Mean %IRI 
Invertebrates 
Amphipoda Scuds* 28.9 18.0 
Annelida Worms 0 0.2 
Coleoptera Beetles 0 0.1 
Decapoda Crayfishes* 10.6 6.5 
Diptera True flies* 19.2 10.3 
Ephemeroptera Mayflies* 6.7 4.9 
Gastropoda Snails* 1.9 1.4 
Hemiptera Water boatmen* 1 1.0 
Hirudinea Leeches 0 0.1 
Hymenoptera Wasps 0 <0.1 
Lepidoptera Moth 0 <0.1 
Megaloptera Hellgrammites 0 0.1 
Nematoda Roundworms 0 <0.1 
Nematomorpha Horsehair worms 0 <0.1 
Neuroptera Spongillaflies 0 <0.1 
Odonata Dragonflies/damselflies* 2.9 1.5 
Orthoptera Grasshopper 0 0.2 
Plecoptera Stoneflies 0 <0.1 
Plecypoda Clams/mussels 0 <0.1 
Trichoptera Caddisflies* 1.9 I.I 
Other vertebrates 
Amphibia Frog 0 <0.1 
Aves Duck 0 <0.1 
Table 3.2. Occurrence and means of major prey importance (%IRI) in the diets of piscivorous species in Spirit Lake, Iowa, 1995 -
1997. Major prey taxa were those with %IRI greater than or equal to 20% in at least one unit within piscivorous species. Mean 
%1RI for a prey taxon was calculated as the mean of all the unit %IRI values for that taxon. 0 and M stand for occurrence (%) and 
mean of the major prey %IRI, respectively. - indicates that a prey taxon was not a major taxon or not found in the diet of a 
particular piscivorous species. 
Prey taxon 
Black crappie Largemouth bass Northern pike Smallmouth bass Walleye Yellow perch 
0(%) M 0(%) M 0(%) M 0(%) M 0(%) M 0(%) M 
Invertebrates 
Amphipoda 73.3 49.8 5.6 3.2 - - 5.6 3.0 11.1 6.2 83.3 49.9 
Decapoda - - - - - - 44.4 23.9 - - 16.7 10.9 
Diptera 33.3 18.8 5.6 5.6 - - 22.2 11.5 27.8 14.0 22.2 12.7 
Ephemeroptera 26.7 17.1 - - - - - - 5.6 5.8 - -
Gastropoda 1 - - - - - - - - - 11.1 -<1
 
bo
 
Hemiptera - - - - - - - - - - 5.6 2.1 
Odonata 6.7 2.2 5.6 4.0 - - - - - - 5.5 2.5 
Trichoptera - - - - - - 5.6 3.3 5.6 2.2 - -
Fish 
Black bullhead - - 50 40.4 - - - - 5.6 2.7 _ -
Bluegill 6.7 2.9 - - 5.9 1.9 - - - _ 5.6 3.7 
Freshwater drum - - - - 5.9 4.8 - - _ 
Johnny darter - - - - - - - - - - 5.6 2.3 
Walleye - - -
- 23.5 14.1 5.6 8 5.6 3.3 - -
Yellow perch 6.7 5.7 44.4 37.1 94.1 71.8 55.6 37.3 83.3 59.9 5.6 3.8 
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Table 3.3. Diet overlap among piscivorous species across years and seasons. - stands for no 
data collected for one of the species during the sampling seasons. 
Largemouth Northern Smallmouth Walleye Yellow 
Season Species bass pike bass perch 
1995 
Spring Black crappie - - - - -
Largemouth bass 0.32 0.10 0.48 0.19 
Northern pike 0.05 0.32 0.00 
Smallmouth bass 0.49 0.11 
Walleye 0.20 
Summer Black crappie 0.12 0.12 0.15 0.12 0.12 
Largemouth bass 0.90 0.87 0.88 0.19 
Northern pike 0.83 0.97 0.16 
Smallmouth bass 0.82 0.21 
Walleye 0.16 
Fall Black crappie 0.14 0.14 0.26 0.14 0.09 
Largemouth bass 0.46 0.58 0.90 0.00 
Northern pike 0.49 0.44 0.00 
Smallmouth bass 0.50 0.19 
Walleye <0.01 
1996 
Spring Black crappie <0.01 <0.01 0.11 0.02 0.91 
Largemouth bass 0.46 0.32 0.47 0.03 
Northern pike 0.32 0.94 <0.01 
Smallmouth bass 0.29 0.08 
Walleye 0.02 
Summer Black crappie 0.01 0.01 0.23 0.09 0.37 
Largemouth bass 0.18 0.20 0.30 0.07 
Northern pike 0.09 0.78 0.01 
Smallmouth bass 0.23 0.33 
Walleye 0.08 
Fall Black crappie 0.07 <0.01 0.02 0.04 0.68 
Largemouth bass 0.17 0.23 0.20 0.06 
Northern pike 0.70 0.66 0.01 
Smallmouth bass 0.85 0.02 
Walleye 0.09 
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Table 3.3 (continued) 
Season Species 
Largemouth 
bass 
Northern 
pike 
Smallmouth 
bass 
Walleye Yellow 
perch 
Spring Black crappie 0.07 
Largemouth bass 
Northern pike 
Smallmouth bass 
Walleye 
Summer Black crappie 0.18 
Largemouth bass 
Northern pike 
Smallmouth bass 
Walleye 
Fall Black crappie <0.01 
Largemouth bass 
Northern pike 
Smallmouth bass 
Walleve 
0.00 
<0.01 
0.00 
0.13 
0.00 
0.05 
1997 
0.38 
0.08 
0.06 
0.38 
0.31 
0.40 
0.01 
0.07 
0.79 
0.47 
0.10 
0.05 
0.64 
0.73 
0.30 
0.20 
0.61 
0.05 
0.06 
0.79 
0.80 
0.90 
0.09 
0.00 
0.46 
0.54 
0.28 
0.12 
0.00 
0.23 
0.24 
0.66 
0.02 
0.10 
0.08 
0.06 
Table 3.4. Diet overlaps between small and large fish within piscivorous species in Spirit Lake, Iowa, 1995-1997. - indicates no 
data in a comparison unit. 
Black crappie Largemouth bass Northern pike Smallmouth bass Walleye Yellow perch 
_ _ 
Spring - 0.18 0.28 0.32 0.51 0.29 
Summer - 0.79 0.95 0.77 0.98 0.46 
Fall 0.27 0.75 0.53 0.52 0.98 0.31 
1996 
Spring 0.47 0.66 0.95 0.69 0.24 0.68 
Summer 0.55 0.79 0.83 0.74 0.46 0.49 
Fall 0.92 0.03 0.35 0.78 0.71 0.58 
1997 
Spring 0.80 0.11 0.60 0.33 0.35 0.60 
Summer 0.40 0.27 0.15 0.42 0.35 0.42 
Fall 0.74 0.72 - 0.62 0.29 0.55 
Figure 3.1. Importance (%IRI) of major prey-taxa in the diets of small black crappie, 
largemouth bass, northern pike, smallmouth bass, walleye, and yellow perch in Spirit Lake, 
Iowa, 1995-97. Numbers on the top of stacked bars indicate the number of stomachs 
containing food used in characterizing diet. 
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Figure 3.2. Importance (%IRI) of major prey taxa in the diets of large black crappie, 
largemouth bass, northern pike, smallmouth bass, walleye, and yellow perch in Spirit Lake, 
Iowa, 1995-97. Numbers on the top of stacked bars indicate the number of stomachs 
containing food used in characterizing diet. 
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Figure 3.3. MDS ordination of diet similarities among small and large size classes of 
piscivorous fish species in Spirit Lake, Iowa, 1995-97. Ordination was based on a matrix of 
pairwise Bray-Curtis similarity coefficients constructed from transformed (logio[x+l]) mean 
%IRI values of all prey taxa for each comparison unit. A single ordination was performed, 
but diets of comparison units were plotted separately by year to reduce clutter. Species listed 
along ordination axes were significantly (P<0.05) correlated with dimension scores, 
accounted for at least 50% of the variation (r^O.7), and are included to facilitate 
interpretation. Small size classes are indicated by open symbols; large size classes are 
indicated by filled symbols. Piscivore species are indicated by symbol type as follows: 
walleye (circles), yellow perch (squares), smallmouth bass (triangles-up), largemouth bass 
(triangles-down), black crappie (diamonds), northern pike (hexagons). 
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Figure 3.4. Relative size of major prey fish species in the diets of small black crappie, 
largemouth bass, northern pike, smallmouth bass, walleye, and yellow perch in Spirit Lake, 
Iowa, 1995-97. Mean (± SE) predator size is indicated by solid lines. Mean (± SE) prey size 
is indicated by symbols as follows: black bullhead (filled circle), black crappie (open circle), 
bluegill (filled square), bigmouth buffalo (open square), freshwater drum (filled triangle up), 
Iowa darter (open triangle up), Johnny darter (filled triangle down), largemouth bass (open 
triangle down), logperch (filled diamond), spottail shiner (open diamond), walleye (filled 
hexagon), yellow perch (open hexagon). 
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Figure 3.5. Relative size of major pre=y fish species in the diets of large black crappie, 
largemouth bass, northern pike, smallenouth bass, walleye, and yellow perch in Spirit Lake, 
Iowa, 1995-97. Mean (± SE) predatocr size is indicated by solid lines. Mean (± SE) prey size 
is indicated by symbols as follows: black bullhead (filled circle), black crappie (open circle), 
bluegill (filled square), bigmouth buff=alo (open square), freshwater drum (filled triangle up), 
Iowa darter (open triangle up), Johnny- darter (filled triangle down), largemouth bass (open 
triangle down), logperch (filled diamo-rxd), spottail shiner (open diamond), walleye (filled 
hexagon), yellow perch (open hexagon), white bass (open diamond with x-hair), common 
carp (open square with x-hair), golden, shiner (filled circle with x-hair). 
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CHAPTER 4. CONSUMPTION DYNAMICS OF THE PISCIVOROUS FISH 
COMMUNITY IN SPIRIT LAKE, IOWA, 1995-1997 
A paper to be submitted to the North American Journal of Fisheries Management 
Hongsheng Liao, Clay L. Pierce, Joe G. Larscheid 
Abstract 
We examined annual, species- related variation in food consumption by the 
piscivorous community in Spirit Lake, Iowa, in 1995-1997. Data on fish diet, abundance and 
water temperature were used in bioenergetics models to estimate total consumption by age-1 
and older walleye Stizostedion vitreum, yellow perch Perca Jlavescens, smallmouth bass 
Micropterus dolomieu, largemouth bass Micropterus salmoides, black crappie Pomoxis 
nigromaculatus (age-2 and older), and northern pike Esox lucius. Walleye dominated total 
consumption, accounting for 68, 73 and 90% of total food consumption in 1995-1997. 
Walleye were the dominant consumers of fish in 1995-1997, accounting for 76, 86, and 98% 
of piscivorous consumption in those years. As piscivores, yellow perch were the second 
dominant consumers of fish in 1995 and 1996, accounting for 15 and 12% of piscivorous 
consumption. As prey species, yellow perch were always the dominant prey fish, accounting 
for 68, 52, and 36% of the total community consumption in 1995, 1996, and 1997, 
respectively. Temporal dynamics of consumption of prey fish by the piscivorous community 
in Spirit Lake varied among years, primarily driven by walleye consumption. The dominance 
of total and piscivorous consumption by walleye was due to their high abundance and 
piscivory over the course of the study. Intensive stocking walleye in Spirit Lake might be 
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responsible for higher densities of walleye and higher consumption of prey fish and young 
walleye by walleye compared to other systems. The total food consumption by fish 
population were determined significantly by population size and species. Thus, using the 
population size and mean fish body weight data for this and other studies, we developed 
linear regression models for fisheries managers to obtain quick approximation of population 
consumption estimates. 
Introduction 
Consumption by fish species influences not only their own well-being (Knight and 
Vondracek 1993; Yule and Luecke 1993) but also other organisms in an aquatic community 
(Forney 1974; Northcote 1988; Swenson and Smith 1976; He and Kitchell 1990). For 
example, Knight and Vondracek (1993) found that an increase in walleye abundance in Lake 
Erie could result in a decrease in abundance of preferred prey species, which in turn could 
ultimately result in reduced growth and survival of walleye. Thus, quantifying the magnitude 
and dynamics of prey consumption is a key element in understanding interactions of 
predators and prey. 
Bioenergetics models have been used to assess consumption by a variety of fish 
species. Although this approach has limitations (Rowan and Rasmussen 1996; Whitledge 
and Hayward 1997), it is generally accepted that bioenergetics models are flexible, can 
provide reasonably accurate estimates of consumption, and can be used to describe patterns 
of consumption and make comparisons among species (Ney 1990, 1993). Because of these 
advantages, bioenergetics models can be powerful tools for evaluating predator-prey 
relationships in aquatic ecosystems (Hansen et al. 1993). 
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While most bioenergetics model applications have focused on single species 
consumption, several studies have identified a need to model all major piscivores in a system 
(Kempinger and Carline 1977; Stewart et al. 1981; Johnson et al. 1992; LaBar 1993; Hartman 
and Brandt 1995a; Kershner et al. 1999). Studying consumption by multiple species is 
particularly important in understanding food web dynamics and evaluating carrying capacity 
of aquatic ecosystems where several species may exploit similar food resources (Kempinger 
and Carline 1977; LaBar 1993; Kershner et al. 1999). However, none of the studies cited 
above were able to obtain complete data to model consumption by all major species in 
multiple years, largely due to difficulties in collecting the necessary data for several species. 
For example,. Stewart et al. (1981) estimated consumption by five salmonid species in Lake 
Michigan by assuming consumption for two species to be the average of the other three and 
adjusted for their abundance. Hartman and Brandt (1995a) modeled three species using 
hypothetical populations instead of real population estimates. While acknowledging these 
authors' contributions, we believe that consumption estimates for the entire piscivore 
community provides more insight into the ecology and management of a fishery (Ney 1990). 
Such estimates require data on diet, growth, abundance and age structure for each of the 
member species. 
Black crappie (Pomoxis nigromaculatus), largemouth bass (Micropterus salmoid.es). 
northern pike (Esox lucins), smallmouth bass (Micropterus dolomien), walleye (Stizostedion 
vitreum), and yellow perch (Percaflavescens) are the dominant piscivorous species and are 
important gamefish in Spirit Lake, Iowa. Although walleye have been stocked in Spirit Lake 
for over a century and intensively managed by the Iowa Department of Natural Resources, 
their abundance and growth have declined from historical levels, resulting in reduction of 
harvest (Rose 1955; Jennings 1970; Larscheid 1994). Studying consumption by these six 
species in Spirit Lake may reveal interactions among them, provide insight into the ecology 
and fishery of Spirit Lake, and may be beneficial to understanding the food web and carrying 
capacity for piscivore communities in similar systems. 
Our purpose was to estimate consumption by the entire piscivorous community in 
Spirit Lake and explore patterns and dynamics of consumption within this trophic guild. Our 
objectives were to (1) determine the taxonomic composition, magnitude and temporal 
variation of prey consumption by the predominant member species of the piscivore 
community, (2) determine similar characteristics of prey consumption by the piscivore 
community as a whole, (3) determine the synchrony and relative magnitude of effects of 
piscivore species on prey taxa, (4) explore potential consequences of piscivorous 
consumption dynamics for Spirit Lake and similar fisheries, and (5) develop regression 
equations as fisheries management tools in predicting quick approximations of population 
consumption estimates. 
Study Site 
Spirit Lake (43° 28' N, 95° 06' W) is Iowa's largest natural lake, with a surface area 
of 2,229 ha, mean depth of 5 m, maximum depth of 7 m, and no thermal stratification. The 
Iowa Department of Natural Resources has maintained an active management and research 
program in Spirit Lake for many years, specifically for walleye (Rose 1955; Jennings 1970; 
Larscheid 1994). In response to declines in walleye growth, abundance and harvest, IDNR 
and the Iowa Cooperative Fish and Wildlife Research Unit initiated a project in 1995 to 
investigate the trophic supply and demand between piscivores and prey fish in Spirit Lake. 
As part of the overall project, this study investigated the consumptive demand of the adult 
piscivores community, which consists largely of black crappie, largemouth bass, northern 
pike, smallmouth bass, walleye and yellow perch (Pelham 2000; Pierce et al. in press). 
Materials and Methods 
Data Collection 
Field.— Black crappie, largemouth bass, northern pike, smallmouth bass, walleye, 
and yellow perch were collected in Spirit Lake in 1995-1997, using a boat-mounted 
electrofisher, beach seine, gillnets, and fyke nets. Weather permitting, we attempted to 
conduct electro fishing five days per week from early May to late October, which was the 
majority of the ice-free period in Spirit Lake. We began electro fishing after sunset, and each 
electrofishing sample lasted between 30 and 120 min depending on how many fish were 
caught. Electrofishing catch per unit effort (CPUE) was recorded as number of fish per 
minute for each run. 
We did beach seining at each of eight fixed locations in the littoral zone in July and 
September of 1995 and May, July, and September of 1996 and 1997. We began the first 
seine haul at sunset and 2 or 3 hauls were made per night. See Pierce et al. (In press) for 
further details on beach seining. 
We conducted gillnetting in May only when water temperatures were < 15 °C. 
Gillnets were checked every hour to minimize mortality. We sampled with fyke nets for 10 
days in June of 1995 and two days in July of 1996. Fyke nets were checked every 24 hours. 
Only fish ^ 150 mm in total length were used for analysis of consumption in this 
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study. Consumption by fish <150 mm is reported elsewhere (Pelham 2000). Samples of fish 
<150 mm were sacrificed for analysis of prey fish energy density. Each collected fish was 
measured to the nearest 2 mm (1 mm for fish <150 mm) in total length and weighed (wet) to 
the nearest 14 g (0.1 g for fish <150 mm), and then was fin-clipped for mark-recapture 
analysis. A unique fin clip was used for each year. Fish were maintained in tubs with fresh 
lake water, and processed quickly to minimize stress. 
Stomach contents were flushed out using a water pump (Baker and Fraser 1976), 
immediately put on ice in a cooler, and frozen within a few hours for later identification in 
the laboratory. With few exceptions, all fish were released alive immediately after stomach 
flushing. We sacrificed a sample of specimens of each piscivore species and each potential 
prey fish species for estimation of energy density in May, July, and September of 1995. 
Potential prey fish were defined as those < 150 mm in total length (Pierce et al. in press). We 
attempted to select specimens to be sacrificed of each piscivore species roughly spanning the 
minimum to maximum total length range in each of May, July, and September. 
Laboratory.—Prey fish were identified to species and invertebrates were identified 
either to phylum, class, or order. Other vertebrate prey were identified to class. All prey 
items found in stomachs were counted. When possible, total length of prey fish was 
measured directly (nearest 1 mm). When a prey fish was partially digested, its total length 
was estimated using equations developed from this study as follows: 
BL = NV, xBL/NVp (1) 
TL = BL x R (2) 
where BL and TL are backbone length and total length, respectively. NV, and R are the total 
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number of vertebrae on the backbone found in the literature (Scott and Grossman 1973) and 
the ratio of the total length to backbone length for a particular prey fish species, respectively. 
BLp and NVp are the partial backbone length measured and number of vertebrae remaining 
on the partial backbone for a prey fish specimen. When standard length (SL) of a prey fish 
could be measured, it was converted to TL using equations either developed in this study or 
found in Carlander (1969). 
Body lengths of crayfish were either measured directly (nearest 1 mm) or estimated 
from a body-claw length equation developed in this study. Body length of invertebrates was 
measured (nearest 0.01 mm) using a video image analysis system with a dissecting 
microscope. Wet weights of prey fish and crayfish were estimated using length-weight 
equations developed in this study. Dry weights of other invertebrates were estimated using 
length-weight equations from the literature (Smock 1980; Meyer 1989). Invertebrate wet 
weight was assumed to be 5 times dry weight (Morin and Dumont 1994). 
Data Analysis 
Population dynamics.— Length-at-age was expressed as the average lengths back-
calculated using the Fraser-Lee method (DeVries and Frie 1996). Aging and back-
calculations used anal fin spines for yellow perch, dorsal fin spines for walleye, pectoral fin 
spines for northern pike, otoliths for black crappie, and scales for largemouth bass and 
smallmouth bass. Age-frequency distributions for age 1 and older fish in each year were 
derived from electrofishing data for largemouth bass, northern pike, and smallmouth bass, 
and from beach seining data for black crappie, walleye, and yellow perch. There were two 
exceptions to this procedure: (1) age-frequency distribution for largemouth bass in 1997 was 
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derived from beach seining data because we found that it gave less biased age-frequency 
distribution of younger fish; (2) age 1 black crappie were excluded from further analysis 
because black crappie in Spirit Lake did not reach 150 mm in total length until age 2. 
Population estimates were obtained using a combination of several techniques. We 
calculated densities of the six piscivorous species in each sampling location in each sampling 
period using the beach seining data, corrected for an estimated 50% capture efficiency (Pierce 
et al. in press). Population sizes for black crappie, largemouth bass, northern pike, and 
smallmouth bass were calculated by multiplying their densities by the area of the littoral zone 
(303 ha) because these species were rarely collected offshore (Pelham 2000). Population 
sizes for walleye and yellow perch were calculated by multiplying their densities by the area 
of the whole lake (2,229 ha) because these two species were distributed more evenly 
throughout the lake (Pelham 2000). Annual mean population sizes with 95% confidence 
intervals were calculated for each species by averaging the estimates obtained from 
expanding each individual seine haul. 
We also used the Jolly-Seber model (JOLLY, Krebs 1989) to estimate population 
sizes. Using mark-recapture data from 1995-1997, the Jolly-Seber model provided estimates 
of population size in 1996 with 95% confidence intervals. We calculated annual means of 
electrofishing CPUE with 95% confidence intervals. We then estimated population sizes in 
1995 and 1997 by multiplying the ratio of 1996 population size (obtained from Jolly-Seber 
models) to 1996 CPUE by 1995 and 1997 CPUE, respectively. The lower and upper 95% 
confidence limits of the population size in 1995 and 1996 were calculated similarly. Thus, 
we attempted to have two independent estimates of annual mean population size for each 
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species for each sampling year, one derived from beach seining and one derived from a 
combination of mark-recapture and electrofishing CPUE. Finally, averages of the two 
independent estimates were used to generate annual population estimates for calculating age-
class estimates. Multiple estimates were not possible for some species, and in these cases 
single estimates were used. 
Age-class estimates of age 1 and older fish (age 2 or older for black crappie) were 
generated by multiplying the annual population size by the age-frequency distribution in each 
year. To reduce age-frequency distribution biases induced by gears for both younger and 
older age-classes, we calculated linear regressions of log,Q-trans formed age-class estimates 
against age for each species in each sampling year, eliminating the youngest and oldest age-
classes. Using these equations and the annual population estimates, we generated smoothed 
age-class sizes for each species in each year by regression. However, there were a few age-
class determined in this way which resulted in unrealistic changes from year to year; for 
example, an increase in cohort population size. To resolve these problems, we adjusted age-
class estimates within a given year to reflect realistic year-to-year dynamics, while keeping 
the annual population sizes unchanged. Twenty-one percent of the 132 age-class estimates 
were adjusted in this way. These age-class estimates were applied to bioenergetics modeling 
to generate age-class and population consumption estimates. 
We used catch-at-age curves to estimate annual survival rates (Royce 1996). Survival 
rates were converted to mortality rates for bioenergetics modeling. 
We generated log,0-transformed length-weight equations for each piscivore species 
using data from 1995-1998. Length and weight data in 1998 were obtained from another 
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study in Spirit Lake (Pierce et al. in press). The length-weight equations were used to 
convert length-at-age to weight-at-age in each year. The weights at age t and age f+1 served 
as starting and final weights in modeling annual consumption by age t fish. Starting weights 
forage 1 of largemouth bass, smallmouth bass, walleye, and yellow perch (age 2 of black 
crappie) all were generated from total length of 150 mm because these species reached 150 
mm in total length when they were between age 1 and age 2 (after age 2 and before age 3 for 
black crappie). 
Diet composition.— Sampling in a given year was divided into three seasons for diet 
analysis: spring (May - June), summer (July — August), and fall (September — October). 
Each piscivore species was divided into small and large size groups. A small fish was <230 
mm in total length for black crappie and yellow perch, < 305 mm for largemouth bass, 
smallmouth bass, and walleye, and < 560 mm for northern pike; fish of greater lengths were 
assigned to the large size group. Diet composition was expressed as percent weight (%W). 
Most of the diet data were obtained from night electrofishing, which minimized digestion of 
prey after capture. Diet composition is reported in detail in Table 4.1 and Table 4.2. 
Energy density.— We dried the sacrificed piscivores and prey fish at 70 °C in ovens 
until a constant dry weight was reached. Hartman and Brandt (1995b) developed a series of 
models with which fish energy density can be estimated from the ratios of dry weight to wet 
weight for different orders, families, and species. Their energy density relationship was 
expressed as: 
ED = a + b«DW, (3) 
where ED and DW are energy density (J/g wet weight) and the ratio of dry weight to wet 
weight (g), respectively. Yellow perch and white bass (Morone chrysops') models (a = -
2,873, b = 313.1; a = -1,932, b = 293.8) were used for yellow perch and white bass, 
respectively, muskellunge (Esox masquinongy) model (a = -1939, b = 294.5) for northern 
pike, Cyprinidae model (a = -981, b = 251.1) for common carp, golden shiner, and spottail 
shiner, Sciaenidae model (a = -1,936, b = 309.9) for freshwater drum, and Perciformes model 
(a = -1,875, b = 309.5) for black crappie, bluegill Lepomis macrochirus, johnny darter, 
largemouth bass, logperch, smallmouth bass, and walleye (also see Hartman and Brandt 
1995b, Table 4.1). 
We used multi-way ANOVAs to test for seasonal and size differences in energy 
density for walleye. Because we did not sacrifice any fish in June, August, and from October 
to April, we assumed that piscivore energy densities in October-March were similar to those 
in September, in April and June similar to those in May, and in August similar to those in 
July. We used one-way ANOVAs to test for size differences in energy density of black 
crappie, largemouth bass, northern pike, smallmouth bass and yellow perch because of 
relatively small sample sizes for these species. Energy density for prey fish was assumed not 
to vary with season and size. Mean energy density among common carp, freshwater drum, 
and golden shiner was used for these three species, and mean energy density among johnny 
darter, largemouth bass, logperch, and smallmouth bass was used for these four species due 
to their relatively small sample sizes. Invertebrate and other vertebrate energy densities were 
taken from the literature (Cummins and Wuycheck 1971). 
Water temperature.—Water temperatures were measured hourly (nearest 0.1 °C) 
using recording thermographs located at depths of 1 and 3 m at various sites in Spirit Lake. 
The thermographs were deployed after ice-out in mid-April and retrieved before ice-up in late 
October during each sampling year. We recorded a minimum water temperature of about 5 
°C in each year and we assumed that water temperature under ice cover was a constant 4 °C. 
We developed polynomial regressions from our data to extrapolate the temperatures between 
the recorded minimum spring and fall temperatures and assumed 4 °C winter temperatures. 
Daily mean temperatures were used in the bioenergetics models. Since Spirit Lake doesn't 
thermally stratify, our mean daily temperatures accurately reflect the thermal environment 
experienced by all fish. 
Bioenergetics Modeling of Consumption 
We used Fish Bioenergetics Model 3 (FBM 3, Hanson et al. 1997) in this study. 
Because lengths at age were averages back-calculated from annuli on scales, otoliths or 
spines, and also because the annuli were formed in early spring, we used April 1 as the first 
day of modeling. We assumed that the mean annual population sizes represented population 
sizes at the middle of the year (July I), so we extrapolated starting population sizes on April 
1 from the mean annual population sizes using monthly survival rates. Monthly survival rates 
were converted from annual survival rates (Krebs 1989). We used the juvenile bioenergetics 
models for age 1 walleye and yellow perch. FBM 3 does not include a model for black 
crappie, so the standard model for adult bluegill (Lepomis macrochirus) was substituted. 
Because of ice coverage, we did not sample from November to April. We assumed that diets 
from November to April 15 and from April 16 to 30 were similar to fall and spring, 
respectively. Diet composition and energy densities for small piscivores were used to model 
consumption of black crappie, largemouth bass, smallmouth bass, walleye, and yellow perch 
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younger than age 4, and northern pike younger than age 3. Diet composition and energy 
densities for large piscivores were used to model consumption of older fish. 
The bioenergetics models were run for each age-class from April 1 to March 31 in 
each year. We summarized annual total consumption by small and large fish of each 
piscivorous species. Annual community consumption was calculated by summing annual 
consumption by all six piscivorous species. Monthly community consumption was 
calculated by summing daily consumption within months. Daily consumption for the 
community was estimated using the bioenergetics models. 
Statistical Analysis 
To examine patterns in the synchrony of temporal dynamics of total fish 
consumption by the six piscivorous species and the whole piscivorous community, we 
calculated Spearman rank correlation coefficients of residuals of monthly consumption 
among individual species and the community over the course of the study. The residuals 
were used here to remove the influence of seasonal changes in water temperature on 
consumption. The residuals for a particular species (or for the community) were generated 
from quadratic regression models using monthly consumption from January to December 
(numbered 1-12) in 1995-1997. As a result, there were 36 residuals for each species and the 
community, with the residuals representing departures from the seasonal trend for that 
species or the community. 
We calculated coefficients of variation (CVs) of monthly consumption of prey fish by 
individual species and the community over the course of the study to evaluate relative 
variability in consumption rates. 
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Both intuitively and because of the structure of FBM3, there is a high degree of 
autocorrelation between population size and population consumption estimates within species 
in a given system. However, we were interested in exploring the generality of this correlation 
across species and systems. Such a relationship could have practical value for managers in 
making quick approximations of consumption based simply on population estimates. For this 
analysis we paired annual population consumption and annual population size estimates for 
each species in each year. We obtained comparable data for five additional species from 
literature (Lyons and Magnuson 1987; Johnson et al. 1992; Luecke et al. 1994; Negus 1995; 
Perry et al. 1995). We analyzed this combined data set by ANCOVA, testing the effect of 
species while accounting for the effect of population size (covariate). We examined 
regressions of annual population consumption vs. population size for the combined data set, 
developing a simple linear model to estimate population consumption. Carline (1987) 
reported that initial mean weight and weight gain had strongly significant influence on 
cumulative consumption for largemouth bass and northern pike. Thus, we also developed a 
multiple regression model to estimate population consumption by adding mean body weight 
of fish in populations. The data for population size and mean body weight were log 10-
transformed. All analyses were performed using SAS (SAS Institute 1992). 
Results 
Population dynamics 
We obtained two population estimates each year for largemouth bass, northern pike, 
and smallmouth bass using beach seining data and either the Jolly-Seber model or 
electrofishing CPUE (Figure 4.1). The mean of these two estimates and the age-class 
distribution were used to generate age-class sizes for these species. Because of very low 
proportion of fish marked, population and age-class estimates for black crappie, walleye, and 
yellow perch were based solely on beach seining (Figure 4.1). Several instances of 
unrealistic temporal change in age-class sizes were found. For example, we initially 
estimated 24,415 age 2 walleye in 1995 and 32,757 age 3 walleye in 1996 (Table 4.1). In 
such cases, estimates of age-class size were adjusted manually and the adjusted estimates 
were used in bioenergetics modeling (Table 4.1). 
Over the course of the study, walleye and yellow perch were the most abundant 
piscivorous species in Spirit Lake, averaging roughly two orders of magnitude greater in 
abundance than the other species (Table 4.1; Figure 4.1). The other four species made a 
minor contribution to the total piscivorous community in Spirit Lake during the period of 
study. 
Energy density 
Energy densities for piscivorous species ranged from 4,368 j/g wet weight (small 
walleye) to 6,759 (large black crappie) (Table 4.2), and were not significantly different 
among seasons, except for walleye, but differed significantly between sizes within species, 
except for northern pike. Energy densities for prey fish species ranged from 2,520 (common 
carp) to 6,280 (logperch) (Table 4.3). Because of the narrow length range of the majority of 
prey fish consumed by the piscivorous community in Spirit Lake (Figure 4.2), we assumed 
that the energy density of prey fish was constant with size and season. 
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Water temperature 
Water temperature followed similar seasonal patterns each year, although mean 
temperatures on any given day varied by as much as 4 degrees among years. The highest 
recorded temperature was 25.3 °C on July 29, 1996, whereas the lowest recorded spring and 
fall temperatures were 4.1 °C on April 16 in 1997 and 5.4 °C on October 31 in 1997, 
respectively. 
Community consumption 
Total annual consumption by the piscivorous community was 154,752 kg, 637,643 
kg, and 662,776 kg in 1995, 1996, and 1997, respectively. Of the total annual food 
consumed, 90%, 85%, and 81% was fish in 1995, 1996, and 1997, respectively, indicating a 
relatively constant proportion of fish to total consumption by the piscivorous community 
over the course of the study despite wide variation in the absolute amount of fish consumed 
(Figure 4.3). Monthly community consumption of prey fish varied within each year and 
among years (Figure 4.3). In each year, the monthly consumption was dome shaped, 
approximately following monthly changes in water temperature. However, because of the 
large changes in the size of the piscivore community, consumption in any given month 
increased roughly four-fold from 1995 to 1996 and 1997 (Figure 4.3). 
Nineteen fish species were consumed by the piscivore community over the course of 
the study (Table 3.1), however, only twelve of them accounted for greater than one percent of 
the total community consumption of prey fish in at least one year (Figure 4.4). Averaging the 
community consumption of prey fish over the three study years, yellow perch, logperch, 
walleye, and bluegill were the four most predominant prey fish species. Moreover, yellow 
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perch were always the most consumed fish over the course of the study whereas other 
predominant prey fish were consumed variably from year to year. While the percentage of 
total community consumption of yellow perch declined dramatically over the course of the 
study, contributions of other prey fish species to c-ommunity consumption tended to increase 
(except johnny darter and spottail shiner), partially compensating for the reduction in 
consumption of yellow perch and maintaining fairly consistent annual proportions of fish to 
total prey consumption (Figure 4.4). 
Species consumption 
As the predominant predators in Spirit Lakre, walleye accounted for 68%, 73%, and 
90% of the total community consumption in 1995-, 1996, and 1997, respectively. Walleye 
were also the predominant piscivores over the cou_rse of the study, with the largest fraction of 
fish consumption by small walleye (Figure 4.5). 
Walleye consumed mainly yellow perch, which accounted for 76%, 59%, and 36% of 
walleye fish consumption in 1995, 1996, and 1997, respectively. However, while the yellow 
perch fraction of fish consumption by walleye declined dramatically, proportional 
consumption of other fish species increased over tSie same period (Table 4.4). The number of 
fish species accounting for substantial fractions of"walleye consumption also increased over 
the course of the study (Table 4.4). 
Yellow perch accounted for 23%, 24%, and 7% of the total community consumption 
in 1995, 1996, and 1997, respectively. Although rmost abundant overall among the 
piscivorous species, they were much less piscivorous in Spirit Lake than walleye (see 
Chapter 3), and thus accounted for less fish consumption than walleye (Figure 4.5). Due to 
their smaller size, prey fish consumed by yellow perch were generally smaller species such as 
johnny darter, yellow perch, logperch and bluegill (Table 4.4). 
Consumption of fish by black crappie, Iargemouth bass, northern pike, and 
smallmouth bass together accounted for small proportions of the community consumption of 
prey fish in Spirit Lake over the course of the study (Figure 4.5), largely due to their low 
abundance relative to walleye and yellow perch. Black crappie consumed mainly fish in 
1995 with bluegill (66%) and yellow perch (12%) dominating their total consumption (Table 
4.4). Black crappie largely switched their consumption to invertebrates in 1996 and 1997, 
however, with amphipods (27%), ephemeropterans (26%), dipterans (20%), and decapods 
(17%) dominating their consumption in these two years. Largemouth bass and northern pike 
consumed mainly fish. Largemouth bass switched largely from yellow perch to black 
bullhead over the course of the study (Table 4.4). Northern pike consumption of fish was 
relatively diverse in 1995, but became more uniform in 1996 and 1997 as consumption 
concentrated on yellow perch (Table 4.4). Smallmouth bass fish consumption concentrated 
mainly on yellow perch over the course of the study (Table 4.4). Of invertebrates consumed 
by smallmouth bass, decapods accounted for over 70% over the course of the study. 
Our rank correlation analysis of residuals from regressions of monthly fish 
consumption revealed several patterns in the temporal synchrony of consumption dynamics 
within the piscivore community (Table 4.5). We found significant, positive pair-wise 
correlations among walleye, largemouth bass and northern pike, indicating synchronous 
changes in piscivorous consumption among these three populations. Weaker, but still 
significant positive correlations were found between largemouth and smallmouth bass, 
walleye and smallmouth bass, and yellow perch and black crappie, indicating weaker 
synchrony in piscivorous consumption dynamics among these species pairs. Weak negative 
correlations were found between walleye and black crappie, and largemouth bass and black 
crappie, indicating opposing temporal patterns in piscivorous consumption between these 
pairs. The remaining species pairs were not significantly correlated, indicating apparent 
asynchrony in their temporal piscivorous consumption dynamics. As expected due to their 
dominance within the piscivore community, walleye were strongly positively correlated with 
community piscivorous consumption, and northern pike, largemouth bass and smallmouth 
bass were also positively correlated with the piscivore community to lesser degrees. We 
found a weak negative correlation between black crappie and community consumption, 
indicating opposing temporal dynamics in piscivorous consumption between black crappie 
and the community. Despite accounting for the second highest overall level of piscivorous 
consumption, we found no evidence of temporal correlation of piscivorous consumption 
between yellow perch and the community as a whole (Table 4.5). 
Our comparison of CVs of monthly fish consumption revealed a broad range in the 
degree of temporal variability among the six piscivorous species. In ascending order, CVs 
were as follows: walleye (76), northern pike (83), largemouth bass (119), smallmouth bass 
(129), black crappie (129) and yellow perch (150). The CV for the piscivorous community as 
a whole was 73, indicating less temporal variability in community fish consumption than 
most of the component species. 
Our ANCOVA test showed that the interaction between population size and species 
was not significant (P = 0.1408, Table 4.6), indicating that all species shared a common slope 
on population size. The ANCOVA test without the interaction term was further conducted 
and showed that both population size and species made significant contribution to population 
consumption estimated using bioenergetics models (Table 4.6, Figure 4.6). Annual 
population consumption was strongly «correlated with population size (Table 4.7). In both 
regression models, the independent variables were all highly significant (P < 0.0001). In the 
simple linear model, population size accounted for a significant amount (79%) of the 
variation in population consumption. Addition of mean body weight had substantial effect 
on R2. While the multiple regression model had a significant intercept (P < 0.0001), the 
simple linear model did not (P = 0.79019). 
Discussion 
Our study revealed similarities and differences in consumption by black crappies, 
largemouth bass, northern pike, smallraiouth bass, walleye and yellow perch, and different 
roles these species played in the community consumption in Spirit Lake in 1995-1997. Of 
the six piscivorous species, walleye dominated both total community consumption and 
community fish consumption in Spirit Lake in the three years of the study. Consumption of 
fish by walleye varied substantially among years over the course of the study. Yellow perch 
were the major prey fish for walleye in Spirit Lake. However, consumption of yellow perch 
by walleye declined while consumption of other fish species and invertebrates increased over 
the course of the study. 
Yellow perch were next in importance as consumers. They accounted for the second 
highest level of fish consumption in tvwo of the three study years. However, their 
consumption of fish declined from 199*5 to 1997. The large year-to-year variation in 
consumption of fish by yellow perch suggests that yellow perch were opportunistic feeders in 
Spirit Lake, perhaps feeding more profitably at times on lower trophic levels (Havens et al. 
1996). As piscivores, yellow perch accounted for 15% and 12% of the total community 
consumption of prey fish in 1995 and 1996, respectively. At this level of piscivorous 
consumption, it is conceivable that yellow perch could significantly reduce the availability of 
small prey fish for other piscivorous species. As prey, yellow perch abundance may 
influence walleye growth and survival because walleye must exploit other food resources, 
such as invertebrates, when availability of yellow perch decreases (Forney 1974; Stewart et 
al. 1981; Johnson et al. 1992; Pelham 2000). Thus, yellow perch play a complex role in the 
trophic dynamics of the Spirit Lake fish community. 
Black crappie, largemouth bass, smallmouth bass and northern pike together 
accounted for a relatively small fraction of the total consumption by the piscivorous 
community in all three years. However, there were striking differences among years in the 
magnitude of consumption of prey fish species, and in the relative impact of piscivore 
species. Consumption of fish by black crappie declined over the course of the study; they 
consumed invertebrates almost exclusively in 1997, similar to the temporal pattern of yellow 
perch consumption. Consumption of yellow perch by largemouth bass and smallmouth bass 
tended to decline over the course of the study, similar to the pattern of walleye consumption. 
However, compensation for the reduction of yellow perch consumption differed in these two 
species from walleye. Yellow perch were replaced by black bullhead in largemouth bass and 
by crayfish in smallmouth bass in 1997, indicating the tendency of these species to exploit 
different food resources. These findings support the need for studying community-level 
consumption, suggesting that an increase in the number of predator species may collectively 
reduce the overall spatial and temporal availability of prey (Kempinger and Carline 1977; 
Kershner et al. 1999). In contrast to the other piscivorous species that shifted consumption 
over time, northern pike consistently specialized on yellow perch in Spirit Lake over the 
course of the study. 
The results from our rank correlation analysis and CVs for monthly fish consumption 
by individual species and their community revealed that competition for fish species was 
more likely to happen among walleye, northern pike, largemouth bass during a certain period 
while lack of fish prey occurred in Spirit Lake. Smallmouth bass were more likely to switch 
to invertebrates (such as crayfish), potentially decreasing competition for fish prey with 
above three species. Black crappie and yellow perch were more opportunistic than the rest of 
the piscivores in Spirit Lake and had the least competition for fish prey with other piscivores. 
The lower variability (CV's values) in fish consumption by the community and walleye 
population indicated that community fish consumption was consistent over the period of the 
study although variability in fish consumption by each individual piscivorous species in the 
community were high, and more likely represented by walleye fish consumption due to 
walleye extremely high abundance compared to other piscivorous species. 
Consumption of fish by the community varied dramatically when compared to 
potential prey fish availability in Spirit Lake during the three year study period (Figure 4.7). 
Pierce et al. {In press) reported that potential available prey fish averaged < 20 kg/ha in May 
of 1996 and 1997 (May data in 1995 was not available). Our study indicated that 
consumption of fish by the community during these months were more than half of potential 
prey fish availability, about 12 to 13 kg/ha, reflecting a "bottleneck" of low prey availability 
in spring. Other than the consistently low relative availability of prey fish in spring, there 
was no consistent seasonal pattern in the three years of the study. For example, the ratio of 
prey fish availability to community consumption of fish was also very low in July of 1995 
and September of 1997, and however, it was roughly 10-fold high in September of 1995. 
Apparently, such an asynchronous dynamics in the relationship between prey fish availability 
and piscivorous community consumption would be a challenge for evaluating carrying 
capacity of Spirit Lake. 
Consumption of fish by the walleye population in Spirit Lake appears to be greater 
than in most of the previous lakes studied in North America. Our estimates of annual 
consumption of fish by the walleye population in Spirit Lake were 47.2, 208.4, 233.1 kg/ha 
in 1995-1997, respectively. Consumption offish by the walleye population ranged from 1.1 
kg/ha in 1998 to 3.8 kg/ha in 1983 in Sparkling Lake in north-central Wisconsin during the 
period of June 1 to October 15 (Lyons and Magnuson 1987). Annual consumption of yellow 
perch by the walleye population was 0.9 kg/ha in Lake Mendota, Wisconsin, in 1987 
(Johnson et al. 1992). We stimated consumption of yellow perch by the walleye population 
in Oneida Lake, New York from May to December to range from a minimum of 0.009 kg/ha 
in 1972 to a maximum of 1 kg/ha in 1970 (see Nielsen 1980). In contrast, consumption of 
fish by the walleye population in western Lake Erie was 285.8, 253.6, and 262.4 kg/ha from 
May 15 to November 6 in 1986-88, respectively (Hartman and Margraf 1992). Our estimates 
from Spirit Lake are near the top of the range of fish consumption estimates by walleye in 
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previous studies, suggesting that the impact from walleye consumption is high in Spirit Lake 
compared with most systems. 
Our results also indicated that walleye densities were relatively high in Spirit Lake 
compared to other lakes. Adult walleye (age 3 and older >381 mm) densities averaged 
roughly 6, 16, and 21 fish/ha in Spirit Lake in 1995-1997, respectively. Nate et al. (2000) 
reported average density of adult walleye (>381 mm) of roughly 4 and 5 fish/ha for stocking 
and non-stocked lakes, respectively, in 172 northern Wisconsin lakes in 1990-1997. 
Consumption of walleye by walleye population were also high but varied from year to 
year. Twenty-one million walleye have been approximately stocked in Spirit Lake annually 
(Larscheid 1994). However, 3% (722,216 fish), 50% (10,567,121 fish), and 30% (6,309,845 
fish) of stocked walleye were approximately consumed by walleye in Spirit Lake in 1995-
1997, respectively, suggesting a substantial cannibalism of stocked walleye occurred in Spirit 
Lake. 
Walleye population has been maintained by intensive stocking in Spirit Lake for more 
than a century, making walleye being the most abundant piscivorous species and the most 
important fishery in Spirit Lake. However, the intensive stocking walleye may be also 
responsible for relatively high consumption per hectare by walleye in Spirit Lake compared 
to other lakes in North America. Relatively less potential prey fish availability in early 
season than in late ones and varied ratio of both from year to year may be also due to the 
intensive stocking, which may be responsible for reduction of walleye growth observed in 
Spirit Lake recently (Larscheid 1994). In addition, a substantial consumption of stocked 
walleye by the piscivore community may imply that walleye have been overstocked, 
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suggesting a review of walleye stocking scenario in Spirit Lake. Finally, intensive stocking 
walleye might have increased the potential to compete for food within walleye population 
and among the piscivore species in Spirit Lake. 
. Population consumption estimated using bioenergetics models are strongly correlated 
with population sizes across species and systems in North America. When acknowledging 
that bioenergetics models could generate more reliable consumption estimates, we realize that 
bioenergetics modeling is also relatively time- and labor consuming. Thus, a simplified 
method may be more convenient and useful to fisheries managers on a daily base. Carline 
(1987) developed simplified models for estimating largemouth bass and northern pike 
cumulative consumption using their body weight. The simple linear and multiple regression 
models developed in this study may provide a more general approach to fisheries managers to 
obtain quick approximations of estimates of annual population consumption when lacking 
other information required by bioenergetics models. Our ANCOVA test indicated that 
species influenced consumption estimates generated by bioenergetics models significantly. 
Our multiple regression model with mean body weight as the second independent variable 
represented, to some extent, variation in population consumption among different species 
because the species used in our analysis varied dramatically in size. 
Population consumption is influenced primarily by population abundance (Hewett 
1989: Kershner et al. 1999). Some of population estimates with relatively large confidence 
intervals were found in our study. Thus, the population consumption dynamics and resulting 
interactions all are potentially influenced by the uncertainty of the population estimates. 
Simulation of consumption incorporating uncertainty in population size, as well as 
102 
uncertainty in other input parameters, would be a useful extension of this work and could 
potentially yield a variety of scenarios. Clearly, accurate estimates of abundance are of 
paramount importance in bioenergetic modeling of population consumption and should be 
given high priority in future studies (Hansen et al. 1993). 
The monthly consumption pattern closely followed annual variation in water 
temperature in Spirit Lake, which is consistent with previous studies (Kitchell et al. 1977; 
Wahl and Stein 1991; Schaefer et al. 1999). The pattern was characterized by a dome shape 
with a peak in either August or September, with the majority of consumption occurring 
between May and October. Thus, although we lacked data on piscivore diets from November 
to April, our estimates of consumption of different prey taxa should accurately represent their 
annual consumption since the period of heavy consumption corresponded with our data 
collection. 
We acknowledge the potential for some general problems estimating consumption 
using bioenergetics models, such as borrowing input data and using standard model 
parameters (Ney 1993). For example, a borrowed energy density of crayfish may be 
responsible for a consistently greater than 1.0 of the P-values for smallmouth bass found in 
this study. LaBar (1993) attributed P-values greater than 1.0 to erroneous diet and energy 
density data. The one aspect of smallmouth bass diets which is unique compared to other 
piscivores in Spirit Lake is a consistently large percentage composition of crayfish 
throughout the study. If the true energy density of crayfish in Spirit Lake was higher than the 
literature values we borrowed, then the modeled consumption estimates and associated P-
values would probably have been lower. However, such an error was unlikely to have a 
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significant influence on our community-level results since smallmouth bass did not make up 
a large fraction of the total piscivore community. 
P-values generally decreased with increasing piscivore age in Spirit Lake, consistent 
with previous studies. Hartman and Brandt (1995a) reported a similar trend and concluded 
that their study area was a good nursery area for young piscivores. However, we speculate 
that a community-level decrease in P-values with age, as seen in Spirit Lake, may be largely 
due to bias introduced by use of static standard activity multipliers in modeling. Using a 
l37Cs technique, Rowan and Rasmussen (1996) found that activity multipliers in bioenergetics 
models generally underestimated activity costs by a factor of two to four for mature fish but 
were fairly accurate for juvenile fish. If activity costs are actually higher for older fish as 
proposed by Rowan and Rasmussen (1996), these fish will require more energy to 
compensate for their activity cost, resulting in higher consumption and an increase in their P-
values. 
Our study is the first to provide an essentially complete and detailed accounting of the 
consumptive demand of a diverse piscivorous community, and demonstrates the importance 
of studying consumption by multiple species. By examining six piscivorous species' 
consumption simultaneously in Spirit Lake, we were able to identify walleye and yellow 
perch as the dominant consumers, providing a basis for assessing community predatory 
demand in Spirit Lake. Furthermore, our studying the entire piscivorous community over 
three consecutive years provides valuable insight into variability in the relative impact of 
component species over time, and how changes in population abundance of species translate 
into profound changes in the composition and magnitude of community consumption. 
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Clearly, it will be a challenge for managers to tailor stocking and harvesting to this dynamic 
system; the relative abundance and resulting consumption dynamics among component 
species no doubt change much faster than management policies can respond. However, by 
gaining a better understanding of the range of natural dynamics, more realistic expectations 
should be possible. Finally, our analysis suggests that it may be desirable to reduce walleye 
stocking intensity, vary stocking intensity from year to year, or perhaps attempt to match 
walleye stocking intensity with age 0 major prey fish abundance on an annual basis, perhaps 
through the use of models forecasting major prey fish year class strength (Shroyer and 
McComish 1998). 
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Table 4.1. Age-class and total population sizes of black crappie, largemouth bass, northern 
pike, smallmouth bass, walleye, and yellow perch in Spirit Lake, Iowa, on April 1 in 1995-
1997. Manually adjusted estimates are in parentheses. Annual mortality rates (%) used to 
model consumption are shown below total population size estimates. 
Age 
Black 
crappie 
Largemouth 
bass 
Northern 
pike 
Smallmouth 
bass Walleye 
Yellow 
perch Total 
1995 
1 - 1,492 1,386 4,117 69,048 180,504 -
2 5260 
(1,382) 
655 325 1,324 24,415 22,263 -
3 
(5,699) 
928 288 26 378 8,633 2,746 -
4 928 295 10 175 3,180 468 -
5 619(180) 15(125) I 45 994 21 -
6 - 29 - 11 397 7 -
7 - 15 - 5 135 - -
8 - 5 - 1 48 - -
9 - 2 - 0 17 - -
10 - 1 - - 6 - -
Total 7,735 2,797 1,748 6,056 106,873 206,009 331,218 
Mortality 31 32 53 39 23 49 
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Table 4.1 (continued) 
Black Largemouth Northern Smallmouth Yellow 
Age crappie bass pike bass Walleye perch Total 
1996 
1 2,266 2,697 4,522 473,641 586,424 
(2,308) 
2 8,271 939 (1,261) 289 (661) 1,136 46,922 108,553 
(53,395) (112,221) 
3 5,676 394 80 663 32,757 20,493 
(21,956) 
4 649 557 (266) 5(22) 314 6,219 4,870 
(8,377) (1,301) 
5 245 170 1 42 1,635 203 
(3,038) 
6 92 - 22 430 109(11) 
(862) 
7 41 (24) - 8 113 - -
(329) 
8 15(11) - 3 30(117) - -
9 10(4) - 1 8(40) - -
10 5(1)  - - 2 - -
Total 14,841 4,489 3072 6,711 561,757 720,653 1,311,433 
Mortality 42 25 58 37 27 53 
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Table 4.1 (continued) 
Age 
Black 
crappie 
Largemouth 
bass 
Northern 
pike 
Smallmouth 
bass Walleye 
Yellow 
perch Total 
1997 
I - 7,539 
(8,932) 
1,527 5,243 493,196 270,228 -
2 4,561 3,166 
(2,202) 
367 1,875 235,075 22,160 
3 1,048 1,373 
(1,158) 
326 650 22,278 6,279 
4 200 525(311) 41 181 13,060 277 -
5 50 242 19 143 6,914 42 -
6 - 99 - 29 3,073 5 -
7 - 41 - 10 768 - -
8 - 17 - 5 272 - -
9 - 7 - 1 96 - -
10 - 3 - - 34 - -
Total 5,889 13,012 2,280 8,137 774,766 298,991 1,103,075 
Mortality 51 25 38 33 36 61 
114 
Table 4.2. Mean and standard deviation (std) of energy densities (j/g wet weight) for small 
and large sizes of black crappie, largemouth bass, northern pike, smallmouth bass, walleye 
and yellow perch in Spirit Lake, Iowa. N indicates for sample sizes. All stands for spring, 
summer, and fall. 
Small Large 
Species Season N Mean std N Mean std 
Black crappie All 5 5,812 291 5 6,759 304 
Largemouth bass All 17 5,479 447 14 6,089 460 
Northern pike All 5 5,111 363 4 4,928 1,074 
Smallmouth bass All 19 5,475 666 13 6,292 581 
Walleye Spring 15 5,222 699 17 6,140 414 
Summer 15 4,368 1,337 18 5,794 701 
Fall 8 4,557 764 12 6,010 515 
Yellow perch All 8 5,097 561 8 5,897 465 
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Table 4.3. Energy density (j/g wet weight) and standard deviation (std) of prey fish species in 
Spirit Lake, Iowa. N stands for sample size and standard deviation. 
Species N Mean (J/g) std Species substituted for" 
Black bullhead 4 3,694 561 
Bluegill 4 3,807 1,313 Black crappie, Green sunfish 
Common carp 1 2,520 Bigmouth buffalo 
Freshwater drum 1 5,786 
Golden shiner 3 5,078 1,225 
Johnny darter 1 6,108 Iowa darter 
Largemouth bass 1 4,306 
Logperch 1 6,280 
Smallmouth bass 3 3,856 525 
Spottail shiner 6 5,218 441 Bluntnose minnow, Emerald shiner 
Walleye 6 3,680 668 
White bass 11 6,222 1,012 
Yellow perch 8 4,070 1,076 
a Indicates species whose energy densities were not estimated directly. Energy density 
values from the species in the left column were used for these species. 
Table 4.4. Seasonal consumption (kg) of prey taxa by black crappie, largemouth bass, northern pike, smallmouth bass, walleye, and yellow perch in Spirit 
Lake, Iowa, 1995-1997. Only the overall ten most predominant prey taxa for each piscivorous species are included. Number in parentheses indicates the 
contribution of a (axon to the total consumption by a species over the course of the study. Prey taxa listedn descending order of overall mean consumption 
within each species. Winter is defined here as November through April; other seasons are defined in text. 
1995 1996 1997 
Prey taxa Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter 
Black crappie 
Bluegill (21%) 449.4 998.1 669,3 512.2 0 0 42.1 30.5 0 0 0 0 
Ephemeroptera (18%) 174.2 321.8 20.0 18.0 202.3 922.4 57.5 25.8 0.6 501.1 118.4 66.4 
Aniphipoda (17%) 51.7 103.3 75.9 57.9 777.0 166.0 183.5 203.9 291.3 10.3 210.6 180,6 
Decapoda (13%) 0 0 0 0 0 0 1019.4 737.3 0 0 0 0 
Diptera (10%) 2.3 4.6 3.1 2.4 26.5 526.8 70.0 33.2 176.8 160.0 161.0 127.2 
Logperch (6%) 0 0 0 0 0 598.1 127.6 68.5 0 0 0 0 
Yellow perch (4%) 43.1 79.5 212.6 158.2 0 78.6 4.3 0 0 0 0 . 0 
Hemiptera (2%) 2.4 4.7 3.1 2.4 60.0 13.7 1.3 6.4 21.8 8.2 109.5 80.0 
Odonata (2%) 0 0 0 0 91.9 16.5 14.9 9.9 0 128.5 64.2 0 
Johnny darter (2%) 0 0 0 0 17.8 22.4 0.9 17.6 0 0 0 0 
Table 4.4 (continued) 
1995 1996 1997 
Prey taxa Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter 
Largemouth bass 
Yellow perch (31%) 90.7 751.5 453.9 204.5 409.7 314.5 800.4 420.3 179.2 1475.1 115.3 339.7 
Black bullhead (30%) 66.5 98.6 52.1 27.2 246.6 806.7 187.6 88.4 696,9 988.8 1224.7 669.7 
Walleye (10%) 0.5 124.9 170.8 79.5 27.4 247.1 49.5 19.4 207.8 698.2 35.6 15.2 
Black crappie (8%) 0 0 0 0 0 22.2 9.7 40.8 0 29.4 852.4 448.4 
Logperch (7%) 1.2 0.04 0 0.1 1.5 26.9 12.0 5.2 320.2 310.3 357.4 203.3 
Decapoda (5%) 16,5 145.7 8.8 1.2 69.7 290.9 29.5 11.8 15.5 213.6 26.7 9,4 
Odonata (2%) 305.1 9.9 0 19.8 0.6 0.4 0.02 0.04 0 27.4 1.4 0 
Ephemeroptera (2%) 0.1 0.5 0.2 0.1 0.2 0.1 0.004 0.01 1.0 332.1 16.4 0.1 
Bluegill (2%) 0.3 35.0 2.2 0.02 20.4 1.5 10,2 6.7 1.2 160.7 9.1 0.5 
Iowa darter (1%) 0.2 0.01 0 0.01 0 3.3 0.2 0 195.9 6.0 0.3 14.4 
Table 4.4 (continued) 
1995 1996 1997 
Prey taxa Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter 
Northern pike 
Yellow perch (75%) 172.3 838.5 550.7 314.8 713.4 2251.2 2090.0 1191.6 914.3 1728.2 2158,3 1416.7 
Walleye (10%) 111.4 102.3 136.7 196.6 202.9 96.3 51.5 43.8 0 644.7 33.5 0 
Largemouth bass (5%) 0 455.8 186.0 92.3 7.5 240.2 35.5 12.1 0 0 0 0 
Black crappies (4%) 223.4 107.3 6.3 18.2 35.8 1.1 0 3.3 193.8 164.2 8.3 19.3 
Smallmouth bass (2%) 0 0 219.8 133.0 0 0 0 0 0 0 0 0 
Golden shiner (1%) 0 0 0 0 170.6 5.0 0 15.6 0 0 0 0 
Bluegill (1%) 0 0 0 0 0 0.6 0.03 0 146,6 3.9 0 14.6 
Freshwater drum (1%) 115.9 3.3 5.6 12.8 5.4 0.1 0 M 9 9 0 0 
Spottail shiner (<1%) 0 0 0 0 82.4 2.4 0 7.5 0 0 0 0 
Logperch (<1%) 23.4 0.7 0 1.9 0 0 9.1 5.0 0 0 0 0 
Table 4.4 (continued) 
1995 1996 1997 
Prey taxa Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter 
Smallmouth bass 
Yellow perch (34%) 84.3 851.0 238.7 32.8 108.2 231.5 289.7 49.9 70.0 486.8 516.9 99.4 
Decapoda (23%) 79.5 176.8 129.8 22.2 182.2 698.7 95.7 16.1 249.2 367.6 36.9 13.0 
Walleye (17%) 5.6 237.8 32.4 2.9 76.9 278.8 144.8 24.3 117.9 487.8 65.4 13.0 
Logperch (12%) 46.0 24.6 65.7 12.1 73.9 144.0 85.5 15.5 131.5 337.9 98.4 21.0 
Black bullhead (4%) 9.0 19.2 140.4 23.6 24.1 50.7 43.0 7.6 27.4 1.0 0 1.0 
Ephemeroptera (2%) 0.7 63.4 5.0 0.1 1.8 10.5 0.6 0.1 7.1 99.4 4.2 0.3 
Freshwater drum (2%) 20.0 0.8 0 0.6 0 0 12.1 2.0 0 131.5 5.7 0 
Largemouth bass (1%) 0 0 0 0 0 87.0 4.8 0 0 34.2 1.5 0 
Johnny darter (1%) 49.2 2.1 0.01 1.5 26.3 16.0 1.1 1.0 8.3 0.3 0 0.3 
Orthoptera (1%) 0 0 0 0 0 0 0 0 0 0 59.4 11.6 
Table 4.4 (continued) 
1995 1996 1997 
Prey taxa Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter 
Walleye 
Yellow perch (45%) 6607.1 26775.5 21499.1 24755.0 66042.4 45441.6 65831.1 87015.0 7937.7 32678.8 67561.8 75760.4 
Logperch (15%) 19.3 416.1 25.0 6.8 0 22793.1 15552.8 17862.4 32666.4 12931.5 31731.3 39646.3 
Walleye (11%) 0 4134.1 564.0 388.0 328.4 54651.2 10474.4 9022.2 0 20921.2 13833.5 14330.8 
Largemouth bass (6%) 0 61.8 3.2 0 0 7685.0 1661.0 1472.3 0 56790.3 3773.3 598.9 
Bluegill (5%) 0 29.5 17.8 17.9 0 407.8 9537.7 11894.4 0 573.3 13644.6 15638.8 
Ephemeroptera (4%) 37.3 1.0 0 4.1 590.0 602.7 53.7 100.0 5695.3 34691.1 1941.0 698.3 
Black crappie (3%) 33.6 0.8 268.0 316.7 145.7 2,7 3806.6 4755.3 0 646.7 10209.7 11634.1 
Black bullhead (2%) 342.0 232.7 895.0 1104.6 291,6 1854.9 517.9 558.9 11547,6 2974.1 1045.8 2382.8 
Smallmouth bass (2%) 0 0 0 0 0 0 52.6 55.2 17613.1 445.5 .36.3 2192.4 
Amphipoda (2%) 85.2 2.6 0.02 9.4 7399.2 258.2 298.4 1293.5 8120.0 721.4 216.2 1208.7 
'inter 
1669.2 
0 
0 
252.4 
0 
55.8 
12.7 
452.9 
16 
239.3 
1995 1996 1997 
Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall 
Yellow perch 
0 56.9 36.0 32.3 27043.7 31802.7 1663.3 3635.6 6953.2 10080.8 8489.8 
0 0 41.0 40,0 0 0 24188.2 22692.3 0 0 0 
0 9240.2 482.6 0 798.0 4250.1 1222.8 1054.3 0 0 0 
356.4 476.3 24.4 44.9 3882.6 4497.6 1834.1 2029.7 1249.6 1026.5 125.1 
0 0 4803.7 4948.5 4.0 0.1 82,9 82.3 0 0 0 
136.3 4.9 0.1 17.2 232.6 3472.0 180.0 36.3 302.9 3838.8 185.8 
6064.0 148.3 0 764.4 189.0 477.3 149.6 143.2 89.5 22.0 0.9 
0 1893.9 99.0 0 0 0 2327.7 2186.5 0 0 474.2 
102.8 178.1 2043.0 2108.1 23.0 227.6 12.0 3.9 1.3 9.1 17.0 
64.3 32.6 1.6 8.1 37.2 1828.9 99.2 11.9 1343,9 323.0 69.7 
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Table 4.5. Spearman rank correlation coefficients of residuals from the relationship of 
consumption of fish vs. month by six piscivorous species and the piscivore community in 
Spirit Lake, 1995-1997. *, **, and *** indicate significance (â) at 0.05, 0.005, and 0.0001, 
respectively. 
Largemouth Northern Smallmouth Walleye Yellow Community 
bass pike bass perch 
Black -0.4386* -0.1833 0.1686 -0.5086** 0.3469* -0.4695** 
crappie 
Largemouth 
bass 
Northern 
pike 
Smallmouth 
bass 
Walleye 
Yellow 
perch 
0.7609*** 0.6080*** 0.7565*** -0.2881 0.7104*** 
0.6914*** 0.8780*** 0.0077 0.8927*** 
0.4476* 0.0883 0.4741** 
-0.1151 0.9869*** 
0.0067 
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Table 4.6. Results of analysis of covariance indicating effect of species on population 
consumption (C) with population size (S) as covariate (Type III SS). The combined data 
from this and other studies were analyzed. The combined data set contains 11 species in six 
systems including Spirit Lake (Lyons and Magnuson 1987; Johnson et al. 1992; Luecke et al. 
1994; Negus 1995; Perry et al. 1995). 
Dependent 
Variable Model df F-ratio P-value R2 
With interaction term 
LogI0C Log10S 
(covariate) 
1 10.6 0.0064 0.97 
Species 10 2.4 0.0777 
(category) 
Log,0S*species 9 1.9 0.1408 
Error 13 
Without interaction term 
Log10C Log10S 
(covariate) 
1 105.0 <0.0001 0.92 
Species 10 3.67 0.0052 
(category) 
Error 22 
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Table 4.7. Regression models for the dependence of population consumption (C) on 
population size (S) and mean fish body weight (W) in populations for all species. 
Dependent 
variable N* Model Coefficient SE P-value R2 
Simple linear 
Log10C 34 y-intercept 0.105 0.394 0.7909 0.79 
LogI0S 0.954 0.087 <0.0001 
Multiple regression 
LogI0C 34 y-intercept -2.089 0.374 <0.0001 0.93 
Logl0S 1.035 0.053 <0.0001 
Log10(W) 0.849 0.112 <0.0001 
* N represents number of observations in the combined data set that contains 11 species in 
six systems including Spirit Lake (Lyons and Magnuson 1987; Johnson et al. 1992; Luecke et 
al. 1994; Negus 1995; Perry et al. 1995). 
Figure 4.1. Population size estimates (±95% confidence intervals) for six piscivorous species 
in Spirit Lake, Iowa, in July 1 of 1995-1997, using electrofishing CPUE, Jolly-Seber models, 
and beach seining data. Population estimates include all fish >150 mm. Legend in upper 
right panel. 
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Figure 4.2. Length frequency distribution of major prey fish in the diets of black crappie, 
largemouth bass, northern pike, smallmouth bass, walleye, and yellow perch in Spirit Lake, 
Iowa, 1995-1997. 
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Figure 4.3. Consumption of prey fish (kg/ha) by the piscivorous fish community in Spirit 
Lake, Iowa, 1995-1997. 
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Figure 4.4. Percentage of total annual consumption of major prey fish species by the 
piscivorous fish community in Spirit Lake, Iowa, 1995-1997. Prey fish consumed less than 
1% are not shown. 
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Figure 4.5. Percentage of total annual consumption of prey fish by the two size classes of 
black crappie, largemouth bass, northern pike, smallmouth bass, walleye, and yellow perch in 
Spirit Lake, Iowa, 1995-1997. The piscivore size classes not shown here consumed < 1% of 
the total annual consumption of fish. 
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Figure 4.6. Three-dimension diagram showing significantly positive relationship of annual 
population consumption with population size and mean body weight of predacious fish for a 
population. 
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Figure 4.7. Ratio of potential prey fish availability (kg/ha) to community consumption of 
prey fish (kg/ha). Data on potential prey fish availability were found in Pierce et al. (.In 
press). 
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CHAPTER 5. GENERAL CONCLUSIONS 
While acknowledging the validity of other importance indices, we conclude that %IRI 
provides a balanced, general picture of the importance of prey taxa in the diets of predators. 
%IRI balances importance of large prey taxa in low occurrence with small taxa in high 
occurrence in fish diets. We further notice that there may be situations, such as similar size 
among major prey taxa, where use of a component index may be preferable to %IRI. We 
believe that more definitive answers regarding the strengths and weaknesses of these indices 
await more comprehensive studies, particularly ones that test the relationship of indices with 
growth, survival, and other important aspects of the ecology of fish predators. 
Although our results for diets of individual species were in qualitative agreement with 
previous studies, and we found a few consistent patterns among species, such as the 
community-level diet shift, temporal diet changes in the two size classes of the six species we 
examined were complex and often asynchronous. This serves as a reminder of the difficulty 
in translating apparent prey availability, as measured by sampling, into realized availability to 
predators as measured by importance in their diets. Piscivorous species, and even different 
sizes within species, exhibit different foraging behaviors, habitat use, trophic morphology, 
relative predator-prey body size and other factors that can result in strikingly different diets 
obtained from a common suite of available food resources. These differences underscore the 
potentially complex impact that the collective consumption of a diverse piscivorous 
community, such as the one in Spirit Lake, can exert on available food resources. 
Our study is the first to provide an essentially complete and detailed accounting of the 
consumptive demand of a diverse piscivorous community, and demonstrates the importance 
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of studying consumption by multiple species. By examining six piscivorous species' 
consumption simultaneously in Spirit Lake, we were able to identify walleye and yellow 
perch as the dominant consumers, providing a basis for assessing community predatory 
demand in Spirit Lake. Furthermore, our studying the entire piscivorous community over 
three consecutive years provides valuable insight into variability in the relative impact of 
component species over time, and how changes in population abundance of species translate 
into profound changes in the composition and magnitude of community consumption. 
Clearly, it will be a challenge for managers to tailor stocking and harvesting to this dynamic 
system; the relative abundance and resulting consumption dynamics among component 
species no doubt change much faster than management policies can respond. However, by 
gaining a better understanding of the range of natural dynamics, more realistic expectations 
should be possible. Finally, our analysis suggests that it may be desirable to reduce walleye 
stocking intensity, vary stocking intensity from year to year, or perhaps attempt to match 
walleye stocking intensity with age 0 major prey fish abundance on an annual basis, perhaps 
through the use of models forecasting major prey fish year class strength (Shroyer and 
McComish 1998). 
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APPENDIX. LENGTH-WEIGHT RELATIONSHIPS AND WEIGHT AT AGE OF SIX 
PISCIVORES IN SPIRIT LAKE, IOWA, IN 1995-1997 
Table Al. Intercepts (a), slopes (b), sample sizes (N) and coefficients of determination (r) 
for length-weight equations for black crappie, largemouth bass, northern pike, smallmouth 
bass, walleye, and yellow perch in 1995-98. Total length (TL) and weight (W) are expressed 
in mm and g, respectively. Form of the equations are as follows: LogI0W = a + bLog10TL. 
Minimum length is 150 mm. All the equations are significant at the level of 0.0001. 
Species N a b r 
1995 
Black crappie 51 -5.118 3.154 0.9854 
Largemouth bass 253 -4.943 3.062 0.9831 
Northern pike 154 -5.585 3.129 0.9619 
Smallmouth bass 457 -4.577 2.879 0.9809 
Walleye 764 -5.157 3.049 0.9850 
Yellow perch 502 -5.112 3.108 0.9384 
19 96 
Black crappie 176 -4.976 3.095 0.9747 
Largemouth bass 897 -4.959 3.078 0.9802 
Northern pike 197 -6.200 3.360 0.9441 
Smallmouth bass 364 -4.585 2.902 0.9832 
Walleye 768 -5.575 3.212 0.9819 
Yellow perch 311 -4.806 2.982 0.9077 
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Table Al (continued) 
Species N a b r2 
1997 
Black crappie 59 -5.425 3.283 0.9645 
Largemouth bass 531 -5.369 3.236 0.9680 
Northern pike 32 -5.520 3.101 0.9732 
Smallmouth bass 237 -4.778 2.975 0.9862 
Walleye 607 -5.481 3.165 0.9863 
Yellow perch 302 -5.029 
1998 
3.077 0.9151 
Black crappie 296 -5.345 3.244 0.9803 
Largemouth bass 67 -5.127 3.143 0.9908 
Northern pike 17 -4.551 2.752 0.9931 
Smallmouth bass 42 -4.974 3.061 0.9934 
Walleye 1499 -5.432 3.147 0.9974 
Yellow perch 4591 -5.357 3.210 1.0000 
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Table A2. Weight (g) at age for black crappie, largemouth bass, northern pike, smallmouth 
bass, walleye, and yellow perch in Spirit Lake, Iowa, in 1995-98. 
Black Largemouth Northern Smallmouth Yellow 
Age crappie bass pike bass Walleye perch 
1995 
1 - 53 131 49 30 45 
2 33 166 738 80 109 63 
3 128 472 1,550 256 289 155 
4 258 738 2,488 516 526 237 
5 407 969 2,940 7,99 782 337 
6 - 1,266 2,911 1,058 1,026 375 
7 - 1,540 - 1,245 1,258 
8 - 1,761 - 1,367 1,502 
9 - 1,880 - 1,388 1,634 
10 
- 2,068 
1996 
- 1,823 
1 - 55 119 54 26 48 
2 34 174 758 88 101 67 
3 131 499 1,682 285 281 158 
4 258 781 2,798 579 530 239 
5 405 1,027 3,347 900 805 334 
6 - 1,345 3,311 1,195 1,071 370 
7 - 1,636 - 1,408 1,328 -
8 - 1,873 - 1,547 1,600 -
9 - 2,000 - 1,571 1,749 -
10 
- 2,201 
1997 
- 1,963 -
1 - 47 130 50 25 46 
2 30 159 720 82 97 65 
3 125 480 1,502 275 267 158 
4 258 769 2,402 568 497 242 
5 416 1,025 2,834 893 751 342 
6 - 1,361 2,805 1,194 995 381 
7 - 1,673 - 1,413 1,230 -
8 - 1,928 - 1,556 1,478 -
9 - 2,066 - 1,581 1,614 -
10 - 2,284 - - 1,808 -
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Table A2 (Continued) 
Black Largemouth Northern Smallmouth Yellow 
Age crappie bass pike bass Walleye perch 
1998 
1 - - 167 - - -
2 30 168 765 82 98 61 
3 122 492 1,469 283 269 153 
4 250 777 2,228 597 500 238 
5 401 1,028 2,580 951 754 341 
6 - 1,353 2,557 1,283 997 381 
7 - 1,654 - 1,525 1,231 -
8 - 1,899 - 1,684 1,477 -
9 - 2,030 - 1,712 1,612 -
10 - 2,238 - - 1,805 -
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